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ABSTRACT 
 
Anthropogenic forest disturbance associated with the conversion of forest into monocultures for 
agricultural production or cattle ranching, and the increased human presence linked to wood 
extraction and selective logging, can alter host-parasite dynamics and increase the risk of 
infectious diseases in wild primates. However, little is known regarding the proximate ecological 
factors that drive this relationship, and whether such effects are maintained over time affecting 
primate population viability and health. In this dissertation, I examined the impact of 
anthropogenic forest disturbance on the health of endangered black howler monkeys (Alouatta 
pigra), using a multifactorial model that integrated information on parasitic infection patterns, 
stress hormones, host characteristics, and ecological conditions. Specifically, I explored 1) 
whether rates of gastrointestinal parasite infection were higher in black howlers inhabiting forest 
fragments characterized by increased levels of anthropogenic disturbance, and 2) whether rates 
of parasitism were directly affected by changes in howler age, reproductive condition, and stress 
hormones. Over the course of a year (February 2011 to February 2012), I studied seven black 
howler groups living in five fragments of tropical deciduous forest that varied in their degree of 
anthropogenic disturbance at Escárcega, State of Campeche, Mexico (18°16’N, 90°43’W). I 
monitored 44 individually recognized howlers, including 15 adult males, 15 adult females, and 
14 immature howlers. From these individuals, I collected non-invasively 673 fecal samples that 
were used for parasitological and glucocorticoid (i.e., stress hormones) analyses. In each 
fragment, I assessed variation in ecological disturbance through measures of fragment size and 
fragment shape, and through estimations of wood extraction (stump-to-tree ratio), percentage of 
canopy closure, and tree biomass. Rainfall data also were recorded. 
iii 
 
In this dissertation, I found that black howler monkeys at Escárcega, Mexico were host to 
seven parasite taxa, including Trypanoxyuris minutus (Oxyuridae), Parabronema sp. 
(Habronematidae), an unidentified strongyle nematode (Strongylidae), Controrchis biliophilus 
(Dicrocoeliidae), an unidentified trematode (Dicrocoeliidae), Entamoeba coli, and Entamoeba 
sp. (Entamoebidae). The most influential factors on parasite prevalence and parasite species 
richness were howler age and monthly precipitation. Parasite prevalence and parasite species 
richness increased with howler age. Adult howlers had higher helminth prevalence (mean 
prevalence ± SD= 69.8 ± 13.7%) compared to older (> 6 months of age; mean prevalence ± SD= 
43.9 ± 20.5%) and younger juveniles (<6 months of age; prevalence ± SD= 28.1 ± 27.2%). 
Similarly, parasite species richness was 1.8 - 2.7-fold higher in adults than in older and younger 
juveniles. Increased parasitic infection in adults may be related to the fact that older individuals 
have been exposed to infective stages of different parasite species over prolonged periods of time 
compared to immature howlers. Seasonal rainfall had mixed effects depending on the parasite 
type: while protozoan prevalence significantly increased with rainfall, helminth prevalence 
decreased. Measures of forest disturbance including fragment size (ranging from 2 - 9 ha to 2100 
ha) and shape (ranging from more regular to more irregular forms [2.3 to 4.7]), perimeter-to-area 
ratio (ranging from 0.001 to 0.061), logging rates (stump-tree ratio ranging from 0.008 to 0.11), 
tree density (ranging from 600 to 1000 trees/ha), canopy cover (ranging from 70% to 95%), and 
howler density (ranging from 12 to 300 ind/km2) had minimal effects on patterns of intestinal 
parasitic infection. Similarly, howler group size (ranging from 4 to 13 individuals), female 
reproductive condition (e.g., non-pregnant, pregnant, and lactating), and stress levels (measured 
through glucocorticoid hormones ranging from 400 to 2100 ng/g) did not have significant effects 
on parasite prevalence and parasite species richness. 
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This dissertation moves beyond the traditional perspective that fragmented habitats are 
uniformly detrimental to howler monkey health and survivorship to a model of howler monkey 
adaptability, in which howlers are able to successfully survive and reproduce in disturbed 
habitats due to a species-specific adaptive pattern in behavior (e.g., a similar activity budget 
across howler populations), demography (e.g., social groups characterized by small size and 
minimal changes in composition), and physiology (e.g., low stress levels, limited multiple 
parasitic infections). Overall, this perspective represents a critical step in assessing ecosystem 
health and disease risk faced by black howler monkeys and other primates living in disturbed 
environments. 
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CHAPTER 1 
GENERAL INTRODUCTION 
 
Studies of anthropogenic change and its effect on parasite infection rates and host health, address 
critical questions in biological anthropology concerning relationships among behavioral, 
anatomical, and physiological plasticity (i.e., adaptability) and primate survivorship. While 
adaptation refers to the evolution of characters that have been subjected to natural selection for 
their current function (Futuyma 2009), adaptability refers to the continuous and reversible 
transformations in behavioral, morphological, and physiological responses associated with short-
term environmental change (Fuentes 2011). In this regard, nonhuman primates that exploit 
habitats characterized by recent anthropogenic disturbance are instructive models to examine 
behavioral and physiological adaptability and their influence on overall primate health. 
During the course of primate evolution, many lineages were differentially exposed to 
infectious parasites in response to host-specific life history traits, group size, biogeography and 
ecology. For example, among extant primates, baboons (Papio anubis, P. ursinus, P. 
cynocephalus) are naturally exposed to Schistosoma spp. parasites (which use freshwater snails 
as intermediate hosts) through their frequent contact with water sources (Muller-Graf et al. 1997; 
Weyher et al. 2010). In the case of hominins, rapid expansion across and out of Africa, and the 
migration and colonization into novel habitats probably resulted in their exposure to new 
infectious agents, including vector-borne microparasites (e.g., Plasmodium spp., Trypanosoma 
spp.) and macroparasites (e.g., helminths: Taenia spp.; ectoparasites: lice) (Armelagos et al. 
1996; Barret et al. 1998; Reed et al. 2009; Reperant et al. 2013). During the Neolithic, human 
population growth increased exponentially coinciding with the development of agriculture, a 
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sedentary lifestyle, and the close contact between human populations and their domesticated 
animals. This put in place a set of conditions promoting pathogen exchange, making cross-
species disease transmission more likely (Armelagos & Dewey 1970; Wolfe et al. 2007; 
Reperant et al. 2013).  
Currently, zoonotic disease emergence is a primary public health concern (Jones et al. 
2008; Wood et al. 2012). It has been estimated that 61% of pathogens that cause diseases in 
humans were transmitted from wildlife to humans (Taylor et al. 2001). For instance, the human-
immunodeficiency virus (HIV), the causal agent of human acquired immunodeficiency 
syndrome (AIDS), tracks its origins to nonhuman primate reservoirs (chimpanzees and sooty 
mangabeys, Gao et al. 1999; Keele et al. 2006). In addition, it has been estimated that 25% of the 
parasites that infect nonhuman primates also are found to infect humans (Pedersen et al. 2005). 
Parasitic infectious diseases, including viral (e.g., respiratory viral infections), vector-borne 
diseases (e.g., malaria, yellow fever), or enteric parasitic diseases (e.g., giardiasis, amoebiasis, 
and helminthiasis), are currently recognized as an important threat to the health of human 
populations and to the conservation and survivorship of non-human primates (Chapman et al. 
2005; Nunn & Altizer 2006; Leendertz et al. 2006; Gillespie et al. 2008). 
A parasite is an organism that benefits (e.g., obtains nutrients) at the expense of another 
living organism (i.e., host), causes detrimental effects to host health (e.g., morbidity), and affects 
negatively host survival and fitness (Nunn & Altizer 2006). Disease ecology research has shown 
that certain pathogenic parasites, most notably viruses (e.g., Filoviridae, Paramyxoviridae) and 
bacteria (e.g., Yersinia pestis), can increase host mortality rates and play an important role in the 
decline of wildlife populations (e.g., Ethiopians wolves, Laurenson et al. 1998; black-footed 
ferrets, Daszak et al. 2000) including non-human primates (e.g., gorillas, Bermejo et al. 2006). 
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For example, respiratory diseases, anthrax, and Ebola hemorrhagic fever, caused by viral agents 
(e.g., Ebolavirus, Metapneumovirus), in addition to bacterial infections (e.g., Bacillus anthracis, 
Streptococcus pneumoniae), have severely impacted populations of chimpanzees and gorillas 
(Wallis & Lee 1999; Bermejo et al. 2006; Leendertz et al. 2004, 2006; Köndgen et al. 2008). 
Similarly, yellow fever outbreaks caused by Flavivirus infection have resulted in increased 
mortality and local extinction in several populations of howler monkeys (Alouatta palliata, A. 
guariba, and A. caraya, Rifakis et al. 2006; Milton et al. 2009; de Almeida et al. 2012). These 
data highlight the potential of different types of parasites to affect the health and viability of non-
human primate populations. 
Although gastrointestinal parasites are less likely to have lethal effects on their hosts 
compared to virus and bacteria, chronic infection resulting from gastrointestinal parasites can 
increase host morbidity through mucosal inflammation, blood loss and ulceration, anemia, and 
dysentery (Alum et al. 2010; WHO 2015). Intestinal parasitic diseases are most prevalent in 
human populations in developing countries, and are frequently associated with poor sanitation 
and hygienic conditions, and limited access to medical care (Alum et al. 2010). The World 
Health Organization estimates that two billion people worldwide are infected with soil-
transmitted helminths (i.e., Ascaris lumbricoides, Trichuris trichura, Necator americanus, 
Ancyclostoma duodenale), representing a global public health concern. Major consequences of 
soil-helminth infections are diarrhea, abdominal pain, anemia, and impaired cognition (WHO 
2015). Similarly, amoebiasis, a diarrheal disease caused by the intestinal protozoan Entamoeba 
histolytica, is listed as the 5
th
 most cause of disease in human populations in Mexico (Ximénez et 
al. 2011). Despite that gastrointestinal parasitic infections do not result in high mortality rates in 
many host populations, they can have negative health consequences for humans and nonhuman 
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primate hosts. For example, several studies have found that free-ranging nonhuman primates 
such as black-and-gold howlers (A. caraya), redtail guenons (Cercopithecus ascanius), red 
colobus (Piliocolobus tephrosceles), olive baboons (Papio anubis), and chimpanzees (Pan 
troglodytes schweinfurthii) are susceptible to gastrointestinal parasites with pathogenic potential, 
including Giardia spp., Ascaris spp., Necator spp., Oesophagostomum spp., and E. histolytica 
(Gillespie et al. 2005; Bezjian et al. 2008; Gillespie et al. 2010; Kowalewski et al. 2011). 
Recent evidence has documented that anthropogenic forest disturbance associated with 
the conversion of forest into monocultures for agricultural production or cattle ranching, and the 
increased human presence linked to wood extraction and selective logging can alter parasite-host 
dynamics (Chapman et al. 2005; Gillespie et al. 2005; Bublitz et al. 2015). For example, in 
anthropogenically disturbed forests, primates such as chimpanzees (P.t. schweinfurthii, Zommers 
et al. 2013), redtail guenons (Cercopithecus ascanius, Gillespie et al. 2005), and lemurs 
(Hapalemur aureus, Microcebus rufus, Prolemur simus, Bublitz et al. 2015) have a higher 
prevalence and/or intensity of enteric parasites than their counterparts living in more conserved 
areas. Although it has been suggested that infectious disease risk and parasite cross-species 
transmission rates can increase in primates inhabiting disturbed forests (Chapman et al. 2005; 
Nunn & Altizer 2006), the proximate factors driving disease transmission and susceptibility to 
infectious agents remain unclear. In addition, studies in Old World (Gorilla gorilla, Gillespie et 
al. 2009; Macaca fascicularis, Lane et al. 2011) and New World (e.g., Saguinus mistax, Wenz et 
al. 2010) primates have failed to identify a clear correlation between increased parasite 
prevalence and the exploitation of disturbed habitats. For example, Wenz et al. (2010) studied 
the potential for parasite cross-transmission between humans and saddleback and moustached 
tamarins (Saguinus fuscicollis and S. mistax) that ranged within a human settlement in Peru. 
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While prevalence of soil-transmitted helminths was high in the human population (Ascaris 
lumbricoides= 89%, hookworms= 55%), these parasites were absent in both tamarin species. 
This may relate to the fact that New World monkeys are less closely related to humans than are 
Old World monkeys and apes, and therefore may have a lower probability of sharing parasites 
with humans (Pedersen & Davies 2010). However, understanding parasite-host dynamics in 
primates inhabiting disturbed conditions is critical to detect infectious disease risk and ensure the 
survivorship of threatened populations (Leendertz et al. 2006). In this doctoral dissertation I 
examine a set of research questions focusing on the proximate ecological, physiological, and 
host-related factors that affect patterns of parasitism and overall health in black howler monkeys 
(Alouatta pigra) in Mexico. 
The increased global demands for agricultural and meat products to satisfy the needs of 
growing human populations have severely impacted tropical forest worldwide (Estrada 2013). In 
Central America, for example, deforestation occurs at a rate of 440,000/ha/year and 70% of the 
total forest cover has been lost (Estrada et al. 2006). In southeast Mexico, tropical forests have 
been highly impacted by land conversion (Estrada et al. 2006). It is estimated that over a 15-year 
period, >100,000 ha of forest were cleared each year for agriculture and cattle ranching 
(CONAFOR 2010). Mexico, together with Guatemala and Belize, are home to the endemic 
Mesoamerican black howler monkey (Alouatta pigra). This species represents one of the 
northernmost Neotropical primate species, with 80% of the species distribution in Mexico 
(Estrada 2015). Alouatta pigra is currently listed as “Endangered” in the International Union for 
Conservation of Nature Red List of Threatened Species (IUCN 2014), due to the fact that 25%-
to-90% of its natural habitat has been transformed into monocultures and pasture lands (Pozo-
Montuy et al. 2008). This has resulted in populations of black howler monkeys inhabiting a 
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range of habitats from large tracts of continuous forests characterized by low levels of 
deforestation and minimal human land-use change (e.g., low levels of agricultural practices) to 
small forest fragments (<10 ha) characterized by low diversity of primary-forest trees, decreased 
abundance of large trees, and surrounded by extensive agricultural fields and pastureland (Van 
Belle & Estrada 2006; Arroyo-Rodríguez & Dias 2010). According to the IUCN, populations of 
A. pigra continue to decline (IUCN 2014, Estrada 2015). Given the current threats to the survival 
of A. pigra populations, and the potential risk this species faces in terms of increased exposure to 
parasitic infections in disturbed environments, we need to understand more precisely how 
changes in forest structure (e.g., reduction in tree species diversity, patch size and form) resulting 
from habitat loss and fragmentation, and the exposure to human activities (e.g, cattle ranching 
and agricultural practices) affect the health and viability of A. pigra populations.  
This dissertation builds on previous research that examined parasite prevalence across 
different populations of A. pigra inhabiting disturbed forest fragments and continuous forests 
(Eckert et al. 2006; Vitazkova & Wade 2007; Trejo-Macías et al. 2007). In 1998, Stuart et al. 
published a literature review listing parasites that infected several species of howler monkeys. 
Surprisingly, at that time, there was not a single report of parasites infecting black howler 
monkeys (Stuart et al. 1998). However, a limited number of papers published between 2006 and 
2007 provide insights into the diversity of gastrointestinal parasites hosted by black howler 
monkeys (Eckert et al. 2006; Stoner & González Di Pierro 2006; Vitazkova & Wade 2007; 
Trejo-Macías et al. 2007). Although these studies provided baseline data, their short duration (<9 
months) and methodological limitations, including relatively small samples sizes (e.g. ~150 - 250 
fecal samples) and the lack of repeated measures that excluded the possibility of creating 
infection profiles for individuals, precluded a comprehensive description of infection patterns 
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and a thorough health assessment for this primate species. For example, while Trejo-Macías and 
Estrada (2012) found that the prevalence of intestinal parasites was higher in black howlers 
inhabiting forest fragments, Vitazkova and Wade (2007) did not find that same pattern in black 
howlers living in fragments characterized by nearby roads and pasture lands. In order to 
contribute to a better understanding of the relationship among habitat disturbance, parasitic 
infection, and health of black howler monkeys (A. pigra), this dissertation moves beyond 
traditional parasitological surveys, by integrating ecological information on primate habitat (e.g., 
fragment size and shape, percentage of canopy cover) and information on host life history 
including age, reproductive condition, and physiology (e.g., glucocorticoid hormones) in a 
population of black howler monkeys that inhabits forest fragments at Escárcega, State of 
Campeche, Mexico. Specifically, I examined 1) whether rates of gastrointestinal parasite 
infection were higher in black howlers inhabiting forest fragments characterized by increased 
levels of anthropogenic disturbance, and 2) whether rates of parasitism were directly affected by 
changes in howler age, reproductive condition, and stress hormones. This dissertation is 
organized into an introductory chapter (Chapter 1), three main chapters (Chapters 2 - 4) written 
as scientific articles, and a concluding chapter in which I discuss the main scientific 
contributions of this dissertation (Chapter 5).  
In Chapter 2, I analyze the effects of different measures of forest disturbance and 
vegetation structure (i.e., fragment size and shape, percentage of canopy closure, wood 
extraction index, tree biomass), climate variables (i.e., rainfall patterns), and demographic data 
(i.e., host density) on infection patterns of gastrointestinal parasites in black howler monkeys. 
Based on a repeated-sampling of recognized individuals across 13 months, I found that black 
howler monkeys ranging in small isolated forest fragments characterized by increased logging 
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had lower parasite prevalence than individuals living in less disturbed habitats. Also, 
independent of the habitat type, howlers had lower parasite prevalence during months of 
increased precipitation. Anthropogenic forest disturbance, rainfall patterns, or primate 
demography did not have significant effects on parasite species richness. In this chapter, I 
conclude that changes in vegetation structure associated with forest fragmentation including the 
creation of open gaps, the reduction of tree biomass, the clearance of forested areas, and edge 
effects, may act to reduce the abundance, composition, and survival of the local parasite 
communities, resulting in a decrease in parasite infection rates in A. pigra that inhabit these 
disturbed landscapes. 
In Chapter 3, I examine whether, independent of the habitat type, howler age and 
seasonal rainfall affect host susceptibility to infection by helminth and protozoan parasites. The 
effects of age can be modeled by three infection curves: 1) the Type I infection curve predicts 
that adults show increased parasite infection rates compared to young animals, as individuals 
accumulate parasite infections over time. 2) The Type II curve indicates that infection rates 
increase at an early age in juveniles, reaching an asymptote as individuals are fully grown. 3) 
The Type III infection curve predicts a negative relationship between age and parasite infection 
rates. I found that helminth prevalence and parasite species richness were significantly higher in 
adult howler monkeys compared to juveniles. Thus, parasite aggregation in the studied 
population of black howler monkeys follows a Type I age-infection curve. Also, I found that 
seasonality predicted both helminth and protozoan infection rates in howler hosts. However, 
helminths and protozoans exhibited contrasting patterns, with helminth parasite prevalence being 
lower during the rainy season, and protozoan prevalence positively related to increased rainfall. 
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These results were not affected by howler age, and instead are best understood with respect to 
taxonomic differences in parasite life history. 
In Chapter 4, I explored the degree to which patterns of gastrointestinal parasite infection 
and physiological stress levels (measured through fecal glucocorticoid metabolite 
concentrations) were affected by the reproductive condition of female black howler monkeys, 
independent of habitat type. Given that during pregnancy females may exhibit inhibition of 
several immune responses (e.g., decreased Th1 lymphocytes), and the fact that pregnancy and 
lactation represent reproductive states characterized by high energy investment in fetal tissue and 
the developing offspring, I predicted that pregnant and lactating females would show increased 
parasitic infections and higher stress levels compared to non-pregnant females. I found that 
parasite prevalence and parasite species richness were not affected by female reproductive 
condition. However, fecal glucocorticoids concentrations significantly increased (from 1.7 to 3-
fold increase) over the course of pregnancy, reaching a peak during the final trimester of 
gestation and the first month of lactation. Fecal glucocorticoids concentrations decreased 
precipitously after the second month of lactation, reaching levels similar to those shown by non-
pregnant females. Despite a significant increase in glucocorticoid concentrations during late 
pregnancy and the first month of lactation, parasite infection rates in these females were not 
affected, suggesting that changes in endocrine function during reproduction did not affect female 
susceptibility to intestinal parasitic infection. In this chapter, I conclude that the rise in 
glucocorticoids, rather than reflecting physiological stress due to higher energetic demands of 
reproduction, is most likely related to variation in endocrine activity in response to maintaining 
pregnancy and fetal development. 
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CHAPTER 2 
DOES ANTHROPOGENIC FOREST DISTURBANCE AFFECT GASTROINTESTINAL 
PARASITE INFECTION IN BLACK HOWLER MONKEYS (ALOUATTA PIGRA)? 
 
Introduction 
Habitat loss and forest fragmentation are considered primary threats to primate conservation 
(Cowlishaw & Dumbar 2000; Estrada 2013). Tropical forests worldwide have experienced 
fragmentation and reduction in size as a result of increased human population growth and 
associated anthropogenic activities including logging, large-scale agriculture, and cattle ranching 
(Estrada 2013). These types of disturbances generally are thought to impose adverse conditions 
for primates (Benchimol & Peres 2014), including habitat reduction and isolation, which may 
result in short-term increases in primate density, reduced group home range area, and limited 
dispersal opportunities (Van Belle & Estrada 2006; Boyle & Smith 2010). Current evidence 
indicates that forest disturbance associated with the conversion of forest into areas of agriculture 
production and cattle ranching, and the increased human presence linked to wood extraction, 
bushmeat trade, and ecotourism, may increase parasite infection risk, negatively affecting 
primate health (Chapman et al. 2005). This is the result of an alteration in host-parasite 
relationships which may exacerbate cross-contamination of pathogens, increasing the 
susceptibility of primates to infectious diseases (e.g., respiratory diseases: Pan troglodytes, 
Köndgen et al. 2008; hemorrhagic fever: Gorilla gorilla, Bermejo et al. 2006; bacterial 
transmission: lemurs, Bublitz et al. 2015, and G. gorilla beringei, Rwego et al. 2008; changes in 
macroparasite infection: Indri indri, Junge et al. 2011, Cercopithecus ascanius, Gillespie et al. 
2005a, Goldberg et al. 2008, Piliocolobus tephrosceles, Gillespie & Chapman 2006, Macaca 
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silenus, Hussain et al. 2013, P. troglodytes verus, Sá et al. 2013, P. t. schweinfurthii, Zommers et 
al. 2013). For threatened or endangered species, this poses additional conservation concerns 
regarding long-term sustainability and survivorship. 
Contrasting evidence exists regarding the specific set of factors that affect the relationship 
between parasites and primate hosts in fragmented forests. For example, a reduction in fragment 
size and the irregularity of fragment shape, which are traditionally considered important 
landscape attributes to assess the effects of habitat disturbance, were reported to increase 
nematode infection in Alouatta palliata mexicana (Valdespino et al. 2010) but failed to have an 
effect on nematode prevalence in P. tephrosceles (Gillespie & Chapman 2006). Similarly, the 
presence of human settlements positively predicted the probability of gastrointestinal parasite 
infections in lion-tailed macaques (Hussain et al. 2013), but this variable was a poor predictor of 
gastrointestinal parasite prevalence for black-and-gold howler monkeys (Kowalewski et al. 
2011). Despite the growing recognition that ecosystem alterations modify host-parasite dynamics 
(Daszak et al. 2000; Acevedo-Whitehouse & Duffus 2009), relationships among hosts, parasites, 
and habitat are extremely complex, and the goal of recent studies is to tease apart factors that 
promote parasite risk in primate species inhabiting environments characterized by different types 
of disturbance (Gillespie et al. 2008).  
However, in comparing parasite infection rates between primate populations living in 
habitats characterized by different types of anthropogenic impact, such as hunting, agriculture, 
and logging, several studies have failed to detect between site differences (ectoparasite species 
richness: Wright et al. 2009; nematode prevalence: Hodder & Chapman 2012; parasite species 
richness and prevalence: Young et al. 2013), and others have shown that parasite infections may 
be lower in primate populations inhabiting disturbed environments (Altizer et al. 2007; Wenz et 
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al. 2010; Lane et al. 2011). In a meta-analysis including 117 primate taxa, for example, Altizer et 
al. (2007) compared parasite species richness and prevalence between threatened (n= 36) and 
non-threatened (n= 81) primate species. The conservation status of each taxon was based on the 
classification of the International Union for Conservation of Nature (IUCN) Red List of 
Threatened Species, which considers as threatened those taxa experiencing a 50-90% reduction 
in population size and geographic range, with increased probability of extinction. These authors 
found that primate taxa classified as threatened had lower parasite prevalence (mean prevalence 
15.3% vs 19.1%) and richness (mean richness 5.17 vs 7.72) compared to primates whose 
conservation status was considered non-threatened. Although no data were provided on the 
specific conditions or degree of anthropogenic disturbance in these habitats, given that declines 
in population size can be related to habitat loss and encroachment (i.e., habitat disturbance), and 
since the spread and persistence of parasites may vary as a function of host population size 
(Wilson et al. 2002; Nunn & Altizer 2006), it is possible that abundance of certain type of 
parasites, including specialist parasites such as pinworms (e.g., Trypanoxyuris sp), are reduced 
by forest disturbance, favoring a reduction in parasite infection rates in primate populations 
living in disturbed environments (Lafferty & Kuris 2005). This contrasts with hypotheses that 
habitat disturbance is expected to increase rates and intensity of parasitic infection among 
animals living in forest fragments. 
 
Habitat disturbance and black howler monkeys 
In southeast Mexico, tropical forests have been highly impacted by land conversion. 
Approximately 101,750 ha of forest are cleared every year for agriculture and cattle ranching 
(deforestation rates based on the period 1993-2007, CONAFOR 2010). It has been suggested that 
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69% of the original forest in this region has been cut (Estrada et al. 2006). Mexico, together with 
Guatemala and Belize, is home to the Mesoamerican black howler monkey (Alouatta pigra), one 
of the northernmost Neotropical primate species. Alouatta pigra is currently listed as 
“Endangered” in the IUCN Red List of Threatened Species (IUCN 2014), due to the fact that 
25%-to-90% of its natural habitat has been transformed into monocultures and pasture lands 
(Cortina Villar et al. 1999; Pozo-Montuy et al. 2008). This has resulted in populations inhabiting 
forest fragments characterized by different degrees of disturbance that range from low levels of 
deforestation and minimal land use change to high levels of alteration in the vegetation structure 
resulting in isolated fragments of small size (<10 ha) embedded in a matrix of agriculture fields 
and pastures (Van Belle & Estrada 2006; Arroyo-Rodríguez & Dias 2010). Previous surveys 
have revealed that black howlers living in forest fragments harbor higher parasite prevalence 
(24% vs 14%) than those living in less disturbed and more continuous forests (Trejo-Macías et 
al. 2007; Trejo-Macías & Estrada 2012). However, little is known regarding the proximate 
ecological factors that drive this relationship, and whether such effects are maintained over time 
affecting population viability and health. In this chapter I test two contrasting hypotheses 
concerning the effects of anthropogenic habitat disturbance on parasite infection patterns in a 
population of black howler monkeys in Southern Mexico (Figure 2.1). 
 
H1) Increased anthropogenic forest disturbance associated with logging increases parasite 
infection in black howler monkeys. Anthropogenic disturbance of tropical forests, in the form 
of selective logging, is suggested to increase parasite infection risk in primates (Chapman et al. 
2005; Gillespie et al. 2005a; Chapman et al. 2006a). For example, in nine forest fragments 
ranging in size from 1.2 to 8.7 ha in Uganda, Gillespie and Chapman (2006) documented that the 
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nematode prevalence of red colobus monkeys (P. tephrosceles) positively correlated with 
increased tree stump density, a general index of forest degradation associated with wood 
extraction. Gillespie et al. (2005a) also showed that redtail guenons (C. ascanius) inhabiting a 
347-ha forest that was logged (e.g., 50% of trees were removed, 7.4 removed stems/ha), 
exhibited a 3-fold increase in parasite prevalence compared to guenons living in a forest area 
(282 ha) characterized by lower levels of wood extraction (e.g., 0.03 removed stems/ha). The 
precise mechanisms by which logging alters parasite infection rates remain unclear, but plausible 
explanations include the fact that a decrease in tree abundance and the formation of gaps may 
create conditions, such as areas with stagnant water, that favor breeding sites, survival and the 
spread of certain vector-borne (e.g., Plasmodium sp., Patz et al. 2000; Vittor et al. 2006) and 
gastrointestinal parasites (e.g., Cryptosporidium sp., Salyer et al. 2012; soil-transmitted 
helminths, Confalonieri et al. 2014). Alternatively, increased parasite infection among primates 
in fragments may be associated with a temporal increase in primate host densities (Nunn et al. 
2003; Mbora & McPeek 2009). This is due to the fact that an increase in the number of 
individuals is assumed to increase contact rates among hosts, or between hosts and sources of 
contamination such as fecal depositions. This can facilitate the transmission of parasite infective 
stages (e.g., eggs and larvae) through a fecal-oral route. If forest disturbance linked to selective 
logging is a critical factor that increases patterns of parasite infection risk, then, it is expected 
that black howler monkeys inhabiting fragments characterized by increased logging (assessed by 
the ratio between stump and stand-tree densities, canopy closure percentage, and the amount of 
forested area) show higher parasite prevalence and richness compared to howlers living in less 
disturbed forests.  
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H2) Increased anthropogenic disturbance of tropical forest decreases parasite infection in 
black howler hosts. Given that habitat loss and forest fragmentation generally result in 
population declines and loss of biodiversity (Fahrig 2003), these types of disturbance may act to 
decrease host population size and also reduce the abundance and diversity of parasites that thrive 
in undisturbed ecosystems (Lafferty 2012). Prevalence and richness of blood (Haemosporidia) 
and gastrointestinal (Nematoda) parasites have been found to be lower in birds, rodents and 
marsupials that inhabit small and isolated fragments compared to those inhabiting larger and less 
disturbed areas (Püttker et al. 2008; Chasar et al. 2009; Vögeli et al. 2011; Bush et al. 2013). In 
forest fragments, the change in microclimatic conditions such as increased desiccation due to 
edge effects (Laurance et al. 2011) and decreased availability of hosts due to population 
isolation, may limit the persistence, proliferation, and transmission of parasites (McCallum & 
Dobson 2002). Moreover, the abundance and diversity of mammals and invertebrates in 
fragmented habitats is often reduced, limiting the availability of intermediate hosts (Lafferty & 
Kuris 2005). Therefore, it can be hypothesized that as logging increases, forested areas are 
reduced and turned into fields and as neighboring fragments become more isolated, the risk of 
host exposure to gastrointestinal parasites decreases. Thus, it is expected that black howler 
monkeys inhabiting more disturbed fragments show lower gastrointestinal parasite prevalence 
and richness compared to black howlers living in less disturbed habitats. It also is possible that 
changes in host population density in fragments can alter these relationships. 
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Methods 
Study site 
This study took place in remnants of tropical deciduous forest in the municipality of Escárcega, 
State of Campeche, Mexico (18°16’N, 90°43’W). I selected five forest fragments that differed in 
degrees of disturbance, ranging from a large forest fragment (2,137 ha) characterized by 
continuous canopy, limited human presence, and absence of cattle ranching and agriculture 
practices to small forest fragments (~2 ha) affected by increasing levels of cattle ranching and 
expanding agriculture. Forest fragments are defined as patches of native vegetation, isolated 
from each other (not connected through forest corridors), and surrounded by pastures and/or 
agriculture fields (Lindenmayer & Fischer 2007; Arroyo-Rodríguez et al. 2013). Table 2.1 shows 
the size and characteristics of each fragment. The largest fragment has been protected for more 
than 40 years by the Mexican Institute of Forestry (INIFAP). The remaining fragments have not 
received environmental protection. Distances are <1 km between the closest forest fragments and 
13 km between the most distant fragments. In this area the onset of the dry season begins in 
January and extends until May (mean daily temperature= 28°C), and the rainy season is from 
June to mid October (mean daily temperature= 27.5°C). After the rainy period, there is a season 
characterized by cooler temperatures (mean daily temperature= 22.8°C) that starts at the end of 
October and remains until the end of December. Data on monthly precipitation and temperature 
(Figure 2.2) were obtained from the Mexican meteorological authorities. Mean annual 
temperature is 26.5°C and total annual precipitation is 1380 mm (CONAGUA 2011).  
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Study Subjects 
Forty-two individuals belonging to seven black howler social groups, including 15 adult males, 
15 adult females, and 12 immature howlers, were monitored from February 2011 to February 
2012. Table 2.2 shows the composition of individuals per group both at the beginning and the 
end of the study. Average group size was 8.3 ± 2.5 individuals at the beginning and 7.6 ± 3.0 
individuals at the end of the study. Howler monkeys were individually recognized by body 
features such as scars, broken fingers, and by colored anklets in the case of 13 individuals. 
Individuals with anklets had been darted and marked six months prior to the start of this 
investigation. Individuals whose recognition was problematic (e.g., two infant females in the 
same group lacking any distinct color patterns for visual recognition) were not considered in this 
study. Three groups inhabited the large forest fragment, and the other four groups each inhabited 
a different smaller forest fragment. Given that only one howler group occupied each small 
fragment, the precise howler density in each small fragment was calculated. For the large 
fragment, howler density was based on data reported in a population survey conducted by 
Barrueta Rath et al. (2003). It has been estimated that approximately 22 howler groups inhabit 
the large fragment (Barrueta Rath et al. 2003, Van Belle & Estrada 2006). Home ranges of each 
howler study group were estimated using ArcView software by calculating the area of polygons 
formed with GPS data points (n= 90 ± 52 GPS points per group) collected for two-three 
days/month per study group. 
 
Sampling 
Each howler group was followed from approximately 0600 to 1800 hours at least twice a month, 
covering a total of 1097.5 hours of observation. A total of 673 fresh fecal samples were collected 
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non-invasively from recognized and marked individuals. Over the course of 13 months, I 
collected on average (mean±SD) 15.3 ± 5.1 (range= 5 - 26) fecal samples per individual. 
Immediately after collection, samples were screened macroscopically to detect larvae or adult 
nematodes. To avoid contamination with soil or foliage, each aliquot was taken from inside the 
fecal sample. Three grams of feces per sample were placed in 20mL tubes with 10% buffered-
formalin solution and stored in a domestic refrigerator until shipped to Dr. Thomas Gillespie’s 
laboratory at Emory University for analysis. Each tube was labeled with the donor’s ID, sex, 
hour and date of collection. Samples were transported to the United States following regulations 
of Mexican (SAGARPA) and US (CDC) authorities. 
 
Parasitological analysis  
Helminth eggs, larvae, and protozoan cysts were recovered via a flotation technique using a 
sodium nitrate (NaNO3) solution, as well as through fecal sedimentation (Gillespie 2006). These 
techniques have been shown to be highly efficient for recovering gastrointestinal parasites hosted 
by non-human primates (for more details of these techniques see Gillespie 2006). One slide per 
fecal sample was systematically scanned using a compound microscope. Parasite eggs and cysts 
were counted under the 10× objective lens and measured under the 40× objective lens to the 
nearest 0.1μm with an ocular micrometer. A drop of Lugol’s iodine solution was added to 
facilitate identification. Photographs of representatives were taken for further identification. 
These analyses helped determine parasite prevalence and richness as measures of parasitic 
infection. Parasite prevalence was defined as the proportion of hosts infected with at least one 
parasite taxon. Parasite richness was defined as the number of parasite species per sample (Bush 
et al. 1997). 
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Characterization of disturbance in forest fragments 
Given that selective logging changes the vegetation structure and landscape configuration of 
tropical forests (for example, larger trees are preferred over smaller trees for wood extraction 
resulting in increased abundance of smaller-sized trees (Laurance et al. 2006)), I conducted a 
forest disturbance assessment per howler habitat. First, in each forest fragment, I collected GPS 
data points every 15 - 20 meters along the forest edge to estimate the size and perimeter of 
fragments using ArcView software. With these data, I calculated a fragment shape index using 
the formula SI= P/2(A
0.5
), where P is the perimeter-length of fragment and A is the fragment 
area. This index ranges from a value of 1 for circles to a value of 8 for irregular shapes 
(Cochrane & Laurance 2002). Fragments that are characterized by more irregular shapes and 
higher perimeter-to-area ratio are expected to be more exposed to edge effects than more 
symmetric fragments (Ewers & Didham 2007). 
Second, I established randomly, within each howler home range, 10 - 35 transects of 
50×2 m (Gentry 1982). Given differences in fragment size and howler home range size, I 
sampled approximately 5% of each group’s home range. For each transect I recorded all trees 
whose diameter at breast height (DBH) was greater than 10 cm and identified each tree to species 
level. These records were used to estimate the number of trees per hectare (i.e., tree density), tree 
species distribution, and tree basal area (m
2
/ha), which is a general indicator of potential food 
production, using the formula Basal Area= (DBH/200)
2×π divided by the sampled area. I also 
counted the number of tree stumps per howler home range and estimated stump density 
(stumps/ha) which is a general indicator of wood extraction. With this information I calculated a 
stump-to-tree ratio per howler habitat. Because selective logging may create artificial gaps 
disrupting the continuity of the canopy, which directly impacts the travel routes of arboreal 
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primates (e.g., forcing arboreal primates to descend to the ground), I quantified the percentage of 
canopy closure taking two readings (fixed points spaced 50m apart) with a spherical densiometer 
in 10 Gentry transects per howler home range. Percent of canopy closure is a measure of the 
proportion of sky obscured by tree crowns (Korhonen et al. 2006), with low values indicating 
relatively less overstory and canopy discontinuity. 
 
Data analysis 
Prevalence (i.e., proportion of infected samples (Bush et al. 1997)) for each parasite was 
calculated using the program Quantitative Parasitology 3.0 (Rózsa et al. 2000). I also created a 0 
- 1 response variable in which 0 represents non-infected (i.e., absence) and 1 infected samples 
(i.e., presence). Then, I analyzed the presence-absence (i.e., 0 - 1 response variable) of 
gastrointestinal parasites (all parasite taxa combined) with generalized linear mixed models 
(GLMM’s) using the binomial link function. Predictor variables associated with forest 
disturbance were fragment size, shape, and perimeter-to-area ratio, percentage of canopy closure, 
stump-to-tree ratio, and tree basal area. Since these variables can be correlated, I tested them for 
collinearity and discarded the perimeter-to-area ratio, which provided redundant information. 
Given that howler monkey density in each fragment may increase temporarily due to a reduction 
in fragment area, I included howler density per fragment in the model as an additional ecological 
factor. Finally, I included monthly rainfall as a factor, since increased seasonal rainfall may 
increase parasite prevalence and richness in primates (Huffman et al. 1997; Gonzalez-Moreno et 
al. 2013). Given that samples came from the same individuals followed over time, temporal 
pseudoreplication (i.e., autocorrelated errors) had to be taken into account (Crawley 2007). I 
controlled for this source of error by considering individual ID as a random factor (Crawley 
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2007; Zuur et al. 2009). I used the function dredge for model selection, and then I selected the 
best model based on Akaike inference criterion. To ensure that certain individuals were not 
driving the resulting trends, I removed each individual once from the dataset and re-ran the 
analysis. Coefficient estimates were similar in all cases, except for the exclusion of two 
individuals (a male from group CH, and a female of group PE). After these two individuals were 
removed, the effect of one variable (i.e., fragment size) was no longer significant, which suggests 
that these individuals were driving the effect of fragment size. Therefore, these subjects were no 
longer considered. GLMM’s and model validation were run with R statistical software (version 
2.15.1) using the package lme4. For all analyses significance was achieved at 0.05 p-values. 
Species richness (i.e., number of parasite species found in a host (Bush et al. 1997)) was 
analyzed with GLMMs using the Poisson link function. Predictor variables were howler density, 
monthly precipitation, fragment size and shape, canopy closure percentage, stump-to-tree ratio, 
and basal area. Individual ID also was included as a random factor.  GLMM’s and model 
validation were run in R (version 2.15.1) using the package lme4. 
 
Legal permits 
This study complied with the legal requirements of Mexico (SEMARNAT- DGVS/09084/10), 
was approved by the Institutional Animal Care and Use Committee (IACUC) of University of 
Illinois at Urbana-Champaign (protocol #10054), and complied with the American Society of 
Primatologists Principles for the Ethical Treatment of Primates. 
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Results 
Forest fragment characteristics: 
Five forest fragments were assessed in this study. Mean size for four small forest fragments was 
4.7 ± 3 ha (range 2.4 - 9.0 ha), and the large forest fragment had an area of 2,137 ha (Table 2.1). 
The shape index (i.e., a measure of the fragment form whose values range from 1 for perfect 
circles to 8 for asymmetric shapes) for the small four fragments averaged 3.7 ± 1.1 (range 2.41 - 
4.67, Table 2.1), and the large fragment had a shape index of 2.3. This indicates that the smaller 
fragments were more irregularly shaped, had a higher perimeter-to-area ratio (small fragments, 
mean: 0.041 ± 0.02 vs large fragment 0.001), and thus were more susceptible to edge effects 
compared to the larger fragment. 
 The percentage of canopy closure, estimated in each group’s home range area, averaged 
88.9 ± 6.5%. This ranged from 79.5%, recorded in the smallest forest fragment (group FE, 
fragment size: 2.36 ha, home range: 2.3 ha), to 95.5%, recorded in the home range area (14.8 ha) 
of group MN that inhabited the largest fragment (Table 2.1). Similarly, the highest value (0.11) 
for the stump-to-tree ratio (a measure of wood extraction) was found in the home range area 
(0.74 ha) of group PD that inhabited a small fragment of 2.6 ha, and the lowest value (stump-to-
tree ratio: 0.008) was found in the home range area (7.6 ha) occupied by group BS which 
inhabited the largest fragment of 2,137 ha (Table 2.1). Mean stump-to-tree ratio across the 5 
forests was 0.049 ± 0.04. The highest tree basal area value (88.2 m
2
/ha) was found in the home 
range of group JK that inhabited the largest fragment (2,137 ha) and had a home range of 4.3 ha, 
and the lowest basal area (46.8 m
2
/ha) was found in a small fragment of 2.6 ha inhabited by 
group PD (Table 2.1). Overall, these data indicate that the home range areas of howler monkeys 
inhabiting small forest fragments experienced higher tree extraction levels, were characterized by 
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a more discontinuous canopy, lower tree biomass, and overall higher disturbance due to forest 
clearance activities, compared to the home range areas of howlers from the larger fragment. 
 
Recovered parasites and prevalence:  
Seven different parasite morphotypes were recovered from 673 black howler fecal samples 
including five helminths and two protozoans. Table 2.3 shows the overall prevalence of three 
nematodes (Trypanoxyuris minutus, Parabronema sp., a Strongylidae nematode), two trematodes 
(Controrchis biliophilus, and an unknown trematode recorded as Trematode I), and two 
protozoans (Entamoeba coli and Entamoeba sp.). The highest prevalence (44.6%) was recorded 
for C. biliophilus, followed by Trematode I with 29.2% prevalence. The Strongylidae parasite 
and Parabronema sp. were found only in seven (1.2%) and three (0.4%) samples, respectively. 
The prevalence of infected samples per group ranged from 54.9% to 79.2% (Table 2.1). Seventy-
five percent of adult male and 72.1% of adult female fecal samples were infected with at least 
one parasite taxon.  
 
Generalized linear mixed model results of parasite presence-absence  
The generalized linear mixed model analysis on presence-absence of gastrointestinal parasites 
(all parasite taxa combined) indicated that three factors predicted the probability of parasite 
infection in black howler monkeys. Fragment size had a significant effect, but this effect was 
driven by the inclusion of two individuals. After the removal of these two subjects, fragment size 
was no longer significant (β= 0.37, CI= -0.11 - 0.85, p= 0.13). Thus, I took a conservative 
approach and considered as more reliable the results excluding these individuals (i.e., fragment 
size did not have an effect on parasite infection). The remaining two significant factors were 
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stump-to-tree ratio (β= -17.6, CI= -34.2 - -0.9, p<0.05) and monthly rainfall (β= -0.003, CI= -
0.005 - -0.001, p<0.001) (Table 2.4). Howler monkeys inhabiting fragments characterized by a 
low stump-to-tree ratio (e.g., less disturbed) had a higher prevalence of gastrointestinal parasites 
compared to howlers from habitats with a higher stump-to-tree ratio (Figure 2.3). These data 
support Hypothesis 2 that forest disturbance associated with logging resulted in a decrease in 
parasitic infection in black howler monkeys. Other factors related to the habitat characteristics 
including percentage of canopy closure, fragment shape, and tree basal area, did not have 
significant effects on parasite prevalence (Table 2.4). 
 Although local howler monkey density was higher in smaller compared to larger 
fragments, the GLMM analysis showed that there was not a significant effect of host density on 
the overall prevalence of gastrointestinal parasites (Table 2.4). For example, howler monkeys 
inhabiting the smallest fragment (group FE), characterized by a density of 339.0 ind/km
2
, had a 
group parasite prevalence of 79.2%, while a group of howlers (group BS) from the largest 
fragment, characterized by a density of 12.7 ind/km
2
, showed a 70.2% parasite prevalence (Table 
2.1). These results failed to support the prediction that increased parasite transmission rates in 
forest fragments are mediated by an increase in host density. 
 Monthly rainfall was found to negatively influence the probability of parasite infection 
(Table 2.4, Figure 2.4). Black howler monkeys showed a lower prevalence of gastrointestinal 
parasites (mean (SD): 65.5 ± 9.6%) during months characterized by increased amount of 
precipitation (from May to October, see Figure 2.5) compared to the months with low (mean 
(SD): 75.1 ± 9.9%) rainfall (November to April, Figure 2.5). Figure 2.5 shows that parasite 
prevalence decreased when monthly rainfall was greater than 200 mm and increased when 
precipitation was lower than 150 mm. The highest prevalence (92.3%) was recorded during 
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February 2011 (monthly rainfall: 2.5 mm), while the lowest prevalence (49.2%) was showed in 
July 2011 (monthly rainfall: 249.2 mm) (Figure 2.5). These results contrast with the premise that 
parasite infection rates increase during wetter periods of the year. 
 
Generalized linear mixed model results on parasite species richness data 
The median parasite species richness (defined as the number of parasite taxa infecting a single 
sample) across all samples was 1 (range: 0 - 4, mean: 1.04 ± 0.9). This pattern was consistent 
within each howler group independent of habitat type (Table 2.1). Thirty-nine percent of fecal 
samples were infected with only one parasite taxon, whereas samples with multiple infections 
were less abundant (22.3% with two taxa, 5.7% with three taxa, and 0.6% with four taxa). 
Measures of habitat disturbance, including fragment size and shape, stump-to-tree ratio, 
percentage of canopy closure, and tree basal area failed to predict parasite species richness in 
black howler monkeys (Table 2.5). Similarly, neither the density of howler monkeys in each 
fragment nor the monthly amount of rainfall predicted parasite species richness (Table 2.5, 
GLMM, all predictors with p-value >0.05). Overall, these results do not support the hypothesis 
that increased forest disturbance had a significant and positive effect on the risk of parasitic 
infection in this population of wild primates. 
 
Discussion 
Habitat disturbance effect 
In this study, I tested two contrasting hypotheses to determine whether forest disturbance 
associated with deforestation increased or decreased patterns of gastrointestinal parasite infection 
(i.e., prevalence and richness) in Alouatta pigra. I found that black howler monkeys ranging in 
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small isolated forest fragments characterized by increased logging (estimated through the stump-
to-tree ratio, which is an index of wood extraction), had lower parasite prevalence than black 
howler monkeys inhabiting continuous forests characterized by less anthropogenic disturbance 
(i.e., lower stump-to-tree ratio). Given that the majority (39 %) of collected fecal samples was 
infected with only one parasite species, parasite species richness in black howler monkeys did 
not vary in response to anthropogenic forest disturbance and fragment size. 
A reduction in gastrointestinal parasite prevalence in howlers inhabiting highly disturbed 
forest fragments may be related to the changes in physical and microclimatic conditions that 
result from alterations in forest structure and in response to edge effects. These changes include 
loss of forest cover, increased tree mortality, a decrease in humidity, increased water loss and 
rates of evapotranspiration, increased temperature, and increased soil desiccation (Pohlman et al. 
2007; Laurance et al. 2007, 2011). These conditions may have adversely affected parasite 
survival and transmission rates after the parasites were excreted in the feces of howler monkeys 
(O’Connor et al. 2006; Lafferty 2012). For example, the survival rates of infective stages of 
nematodes (e.g., Haemonchus contortus, Trichostrongylus colubriformis), trematodes (e.g., 
Ribeiroia ondatrae), and protozoan (e.g., Cryptosporidium sp) parasites infecting wild and 
domesticated animals have been found to decrease with increased environmental temperature 
(Cheah & Rajamanickam 1997; Fayer 2004; Paull et al. 2012). Paull et al. (2012) reported that 
the survival time of the infective stage (i.e., cercariae) of the trematode R. ondatrae, which is a 
parasite of the frog Pseudacris regilla, decreased by 58% when cercariae were subjected to a 
water temperature of 26°C compared to cercariae under a temperature treatment of 17°C. In the 
present study, small forest fragments were characterized by a high perimeter-to-area ratio and 
low canopy cover percentage, and were surrounded by fields used for small-scale agriculture and 
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cattle ranching. In these areas, daily maximum temperature ranges from 26.4°C to 39.6°C. These 
smaller fragments are more susceptible to edge effects including increased soil temperature and 
increase desiccation than the larger fragment. Therefore, it is possible that the abundance and 
richness of parasite communities in these more highly disturbed fragments were reduced. 
Findings in the present study are consistent with results from studies of long-tailed 
macaques (M. fascicularis) in Bali (Lane et al. 2011), and black-and-gold howler monkeys (A. 
caraya) in Argentina (Kowalewski et al. 2011), which show that the prevalence and intensity of 
protozoan parasites (e.g., Giardia sp., Entamoeba sp., Endolimax sp.) were lower in individuals 
ranging in areas impacted by increased anthropogenic activities (e.g., tourism, agriculture, and 
selective logging) compared to less disturbed areas. Furthermore, two meta-analyses have failed 
to find significant effects of habitat disturbance associated with deforestation on the parasite 
species richness of primate hosts (Young et al. 2013) and on parasite prevalence in four species 
of howler monkeys (A. belzebul, A. caraya, A. guariba, A. seniculus) (Kowalewski & Gillespie 
2009). Together, these data provide evidence that parasite infection rates in some primate species 
are reduced or unaffected by common anthropogenic activities that take place in tropical habitats. 
The present research builds upon parasitological surveys conducted in populations of A. 
pigra inhabiting disturbed forest fragments and continuous forests (Table 2.6, Vitazkova & 
Wade 2006; Trejo-Macías et al. 2007; Trejo-Macías & Estrada 2012). In general, previous 
studies have been of limited duration, characterized by small fecal sample sizes (from 151 to 253 
total collected samples; 1 - 5 samples per individual), were conducted in different sites 
characterized by different vegetation types and degrees of forest disturbance, and have provided 
mixed results. For example, Trejo-Macías et al. (2007) conducted a one-time parasite survey in 
five protected study sites in Mexico, including Palenque National Park (1800 ha), Montes Azules 
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Biosphere Reserve (300,000 ha), Reforma Agraria (1700 ha), Calakmul Biosphere Reserve 
(700,000 ha), and El Tormento (~2100 ha). They also surveyed black howlers in three small 
forest fragments (1 - 20 ha) adjacent to the Montes Azules Biosphere Reserve. In this study, no 
information is reported regarding the number of individuals sampled or the number of samples 
collected per individual per area. Based on 159 fecal samples (137 from continuous and 22 from 
fragmented forests) these authors found no significant differences in parasite prevalence between 
black howlers from protected areas and fragments. In contrast, a study conducted in Palenque 
National Park, Mexico found that black howler monkeys (n= 85) from forest fragments had a 
higher gastrointestinal parasite prevalence compared to individuals (n= 85) inhabiting a 
continuous forest (Trejo-Macías & Estrada 2012). Trejo-Macías and Estrada (2012) collected 
fecal samples from 170 individuals belonging to 22 social groups during 6 months. Eleven 
groups were distributed in eight fragments and 11 groups inhabited one protected continuous 
forest of 1800 ha. Similarly, a study by Vitazkova and Wade (2007) explored the effects of 
ecological variables including habitat type (fragmented vs continuous), a categorical measure of 
primate density (low, medium high), and proximity of howler groups to human settlements on 
parasite prevalence. In this study, during a 9-month period 253 fecal samples were collected 
from 50 individuals living in nine social groups, distributed in four study sites (Palenque 
National Park, Mexico, Calakmul Biosphere Reserve, Mexico, Community Baboon Sanctuary, 
Belize, and Cockscomb Basin Wildlife Sanctuary, Belize). However, the fact that several 
predictor variables were correlated (e.g., primate density and proximity to human settlements), 
limited the authors’ ability to discern the specific set of ecological factors that affected parasite 
prevalence in these howler populations. 
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Although each of these three studies aimed to determine the effects of forest disturbance 
on patterns of parasitism, critical ecological variables were not quantitatively measured. In these 
studies, authors used a dichotomous classification of forest type (“continuous” versus 
“fragmented” forests) that may hide potential effects of specific factors (e.g., logging rates, 
amount of forest cover) associated with forest disturbance. Moreover, details of fragment 
characteristics such as size or shape, specific anthropogenic pressures (e.g., presence/absence of 
domesticated animals), or demographic information such as group size were not described or 
considered in the analyses. Each studied population inhabited different forest types characterized 
by different plant species distributions and diversity. This limits the value of direct comparison 
and therefore, it remains unclear what specific factors, associated with habitat disturbance, 
affected parasite prevalence. In contrast, in the present research I found that habitat disturbance 
associated with logging (measured quantitatively by the stump-to-tree ratio) decreased the 
probability of parasite infection in black howler monkeys. Moreover, our research design, 
including a larger sample size (total fecal samples= 673; average number of samples per 
individual n=15.3 ± 5), monitoring of identified hosts over a year, and a set of quantitative 
measurements (i.e., fragment size and shape, stump-to-tree ratio, canopy closure percentage, tree 
basal area) to assess different degrees of habitat disturbance, offered the opportunity to identify 
specific ecological and host intrinsic factors that modified parasite infection in this black howler 
population. 
In several reviews, authors have stressed that the increased contact between humans and 
wildlife increases the risk of infectious disease transmission (Daszak et al. 2000; Bradley & 
Altizer 2006; Smith et al. 2009). Specifically, in forest fragments, the overlap among humans, 
non-human primates, and domesticated animals may lead to pathogen exchange (Köndgen et al. 
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2008; Rwego et al. 2008). For example, in Bwindi Impenetrable National Park, Uganda, Rwego 
et al. (2008) found that mountain gorillas (Gorilla gorilla beringei) ranging in areas close to 
cattle and in close proximity to human settlements harbored enteric bacteria (Escherichia coli) 
that were genetically more similar to bacteria found in cattle and human feces than to bacteria 
present in gorillas that inhabit areas where humans and cattle are absent. Gillespie and Chapman 
(2008) found that at least three gastrointestinal parasite taxa (including Strongyloides stercoralis, 
Giardia sp, and Ascaris sp) that infect red colobus monkeys (Procolobus rufomitratus) living in 
forest fragments characterized by high rates of selective logging, are most likely of human or 
domestic animal origin. These data suggest the cross-species transmission of intestinal parasites 
can occur. In this regard, the gastrointestinal parasites found in the present research 
(Trypanoxyuris minutus, Parabronema sp, a Strongylidae nematode, Controrchis biliophilus, an 
unknown trematode, Entamoeba coli, and Entamoeba sp) have been reported to infect other 
howler monkey species (A. caraya, A. guariba, A. palliata, A. seniculus: Stoner 1996; Stuart et al 
1998; Vitazkova 2009). However, with the exception of E. coli, these parasites have not been 
documented to infect humans or domesticated animals (Vitazkova 2009). Therefore, the 
possibility of gastrointestinal parasite cross-transmission among black howler monkeys, the 
human population living in close proximity to fragments, and the domesticated animals found in 
pasture areas adjacent to fragments is limited. 
 
Effects of howler density on gastrointestinal parasite infection 
In the present research, the density of howler monkeys was higher in smaller compared to larger 
forest fragments (Table 2.1); however, howler monkey density did not have a significant effect 
on the overall parasite prevalence or parasite species richness. Host density is considered one of 
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the most important drivers of transmission of directly-transmitted parasites, given that an 
increased number of individuals is assumed to increase contact rates among parasites and hosts, 
resulting in increased parasite colonization rates, prevalence and richness (Morand & Poulin 
1998; Wilson et al. 2002). This hypothesis has found support in different meta-analyses focused 
on primates (Nunn et al. 2003) and other terrestrial mammals (Morand & Poulin 1998; Arneberg 
2001, 2002). Because of this, Mbora and McPeek (2009) hypothesized that increased primate 
density due to forest fragmentation is the mechanism by which primates acquire more parasite 
infections in forest fragments. Using regression analysis, these authors found a significant 
positive relationship between species richness of directly-transmitted parasites and density of red 
colobus monkeys (P. rufomitratus) and mangabeys (Cercocebus galeritus galeritus) inhabiting 
forest fragments in the Tana River Primate National Reserve, Kenya. In contrast, in the current 
research there was no evidence of increased parasitism as a function of host density in fragments. 
In general, group size and age and sex composition of social groups are relatively constant in A. 
pigra. For example, at the beginning of the study (February 2011) average group size was 8.3 ± 
2.5 individuals (range: 6 - 12, n= 7 groups) with 2.4 ± 1.3 adult males, 2.4 ± 0.8 adult females, 
and 3.4 ± 1.3 juveniles. At the end of the study mean group size was 7.6 ± 3.0 individuals (range: 
4 - 13, n= 7 groups) with 2.1 ± 0.9 adult males, 2.0 ± 0.6 adult females, and 3.4 ± 2.0 juveniles. 
Other studies of demography of A. pigra report similar results (mean group size: 6.57 ± 1.2 Van 
Belle & Estrada 2006; mean group size: 6.0 ± 2.9 Pozo-Montuy et al. 2008). Although local 
howler density varied among habitats due to differences in fragment size, the actual number of 
howler hosts per group remained similar, and neighboring black howler groups rarely come into 
physical contact. Therefore, the probability of black howler monkeys showing increased parasite 
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infection rates in forest fragments as a result of increased density, even at sites characterized by 
high population density is unlikely. 
 
Effects of rainfall on gastrointestinal parasite infection 
In this study, I also tested whether seasonal patterns of rainfall alter parasite infection patterns. 
The GLMM analysis on parasite presence-absence data indicated that monthly rainfall predicted 
the probability of gastrointestinal parasite infection in black howler monkeys (Table 2.4). I found 
that parasite prevalence increased during the drier months, and decreased during months 
characterized by higher amounts of precipitation. This pattern was maintained across all howler 
groups independently of the fragment type, and there was no interaction between rainfall and sex 
and age of individuals. These results contrast with previous findings reported in several primate 
studies, in which the prevalence, intensity, and richness of gastrointestinal parasites hosted by 
mantled howler monkeys (A. palliata, Cristóbal-Azkarate et al. 2010), black-and-white colobus 
(Colobus guereza, Chapman et al. 2010), chacma baboons (Papio ursinus, Benavides et al. 
2012), white-handed gibbons (Hylobates lar, Gillespie et al. 2013), chimpanzees (P. troglodytes, 
Huffman et al. 1997; Gonzalez-Moreno et al. 2013), and bonobos (P. paniscus, Dupain et al. 
2002) increased during periods of the year characterized by increased rainfall (i.e., wet season) 
(Table 2.7). Experiments conducted in veterinary research have shown that seasonal patterns of 
rainfall and humidity increase the development rate and survival of gastrointestinal parasites 
(O’Connor et al. 2006; Khadijah et al 2013). For example, Khadijah et al. (2013) examined the 
effects of soil moisture on the development of the nematode Haemonchus contortus (a parasite 
hosted by domesticated sheep), and found that after 14 days of fecal deposition the recovery 
percentage of larvae (the parasite infective stage) from soil characterized by a 30% humidity 
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showed a ~14-fold increase compared to soil characterized by 10% humidity. Other primate 
studies however, have not found an effect of climate or seasonality on parasite prevalence. Table 
2.7 shows that 8 out of 23 (34.8%) studies did not find significant difference between rainy and 
dry seasons, and 4 out 23 (17.4%), including the present research, found that parasite prevalence 
decreased with increasing rainfall. 
The results found in black howler monkeys suggest that increased rainfall and humidity 
were not primary factors affecting parasite transmission. Similar findings were reported for 
another population of A. pigra living in a tropical rain forest in Mexico (Stoner & González Di 
Pierro 2006) and in a study of wild capuchin monkeys living in a deciduous forest in Costa Rica 
(Cebus capucinus, Parr et al. 2013). In these studies the prevalence of gastrointestinal parasites 
was higher during the dry season compared to the wet season, and these differences were 
attributed to drinking contaminated water accumulated in tree holes and from stagnant water. In 
my research, only 13 instances of drinking water were recorded in the rainy season and no 
instances during the dry season. This suggests that factors other than drinking contaminated 
water may influence patterns of seasonal parasite infection in A. pigra.  
Furthermore, a study of gorillas (G. g. gorilla) in Central African Republic suggested that 
the increased gastrointestinal parasite prevalence and helminth egg counts showed by individuals 
during the dry season was related to seasonal nutritional stress experienced during periods of 
presumed fruit scarcity (food availability was not measured) (Masi et al. 2012). Chapman et al. 
(2006b), and more recently Behie et al. (2014), have argued that nutritional stress can lead to 
suppression of the immune system of wild primates, increasing the susceptibility of hosts to 
parasitic infection. Based on limited data and general proxies of nutritional stress (i.e., food 
availability based on tree basal area [Chapman et al. 2006b], and percentage of time spent 
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feeding on fruits [Behie et al. 2014]), Chapman et al. (2006b) concluded that reductions in food 
availability posibly leading to nutritional stress contributed to increase parasite infections in red 
colobus (P. tephrosceles). However, the study of black howler monkeys (Behie et al. 2014) did 
not find support for this hypothesis, since percentage of fruit consumption did not predict 
parasite prevalence in A. pigra. In this regard, Righini (2014) collected detailed nutritional data 
(based on feeding rates and the amount of food ingested) on two of the same black howler 
monkey study groups (JK and MN that inhabit the large fragment) that I studied. These data 
indicate that average daily metabolizable energy intake (expressed as kilojoules per metabolic 
body mass: kJ/mbm) was 684.9 ± 365 kJ/mbm for group JK and 698.3 ± 351 kJ/mbm for group 
MN during the rainy season, and 674.8 ± 272 kJ/mbm for JK and 651.4 ± 288 kJ/mbm for group 
MN in the dry season (Righini 2014). Therefore, it does not appear that daily metabolizable 
energy intake had a significant effect on the parasite prevalence of these two howler groups 
(interaction energy×season: β= -0.0038, p=0.17), nor did the energetic status of these howlers 
vary significantly across seasons (rainy vs dry: β= -0.015, p=0.88). Therefore, it is unlikely that 
seasonal differences found in parasite prevalence were related to changes in howler immune 
system associated with seasonal nutritional stress. 
Alternatively, the fact that parasite prevalence decreased during the rainy period (see Fig. 
2.5) may be associated with a possible reduction in the viability of parasite infective stages (e.g., 
larvae) present in the environment. Parasite larvae outside fecal material are more exposed to 
desiccation reducing their survival (Gronvold & Hogh-Schmidt 1989). In this regard, excessive 
rainfall can wash away and remove parasite eggs and larvae from feces (Stromberg 1997; Altizer 
et al. 2006). For example, in a veterinary research experiment, Gronvold and Hogh-Schmidt 
(1989) tested the effects of splash droplets provoked by simulated rainfall on the removal from 
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dung of nematode larvae (parasite Ostertagia ostertagi) that infect cattle. These authors 
simulated rainfall pouring water droplets (2500 drops or 52.5 ml) during 20 min on cow pats 
containing parasite larvae. They found that more than 90% of larvae were translocated within 
splash droplets at a distance of up to 90 cm from the pats. In the present research, during the 
rainy period that covers from June to October, monthly rainfall was higher (212.6 ± 45 mm, 
range: 151.4 - 254.5 mm, total accumulated rainfall: 1,063 mm) compared to the rest of the year 
(November to May, average monthly rainfall: 31.1 ± 29 mm, range: 2.5 - 77.5 mm, total 
accumulated rainfall: 249 mm). Thus, it is possible that the increased rainfall washed away 
parasite infectious stages, reducing contact rates between howler hosts and parasites and 
preventing re-infection during this period of the year.  
 
Conclusion 
The main goal of this research was to evaluate the effect of forest fragmentation and 
anthropogenic habitat impact on parasite infection risk in primates. I found that black howler 
monkeys living in disturbed habitats impacted by deforestation and selective logging had 
reduced gastrointestinal parasite infection rates compared to groups living in less disturbed 
habitats. Anthropogenically disturbed habitats exploited by black howler monkeys were 
characterized by decreased tree abundance, canopy loss, and edge effects (e.g., microclimatic 
alterations in humidity and temperature). These structural changes associated with forest 
fragmentation, clear-cutting forests, and the creation of open gaps may have reduced the 
abundance and composition of the parasite communities. Primates inhabiting open habitats (e.g., 
chimpanzees living in a savanna at Ugalla, Tanzania) harbor considerably lower parasite species 
richness (species richness= 8, Kalousová et al. 2014) compared to primates inhabiting tropical 
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forests (e.g., chimpanzees living in closed forests at Gombe, Tanzania, species richness= 17, 
Gillespie et al. 2010). It is possible, therefore, that in forest fragments and in adjacent open areas 
such as forest edges, the survival of parasites is decreased, reducing parasite infection rates in A. 
pigra. 
Habitat loss and human activities, such as extensive agriculture and cattle ranching, have 
increased the risk of extinction of many local primate populations (Estrada 2013). However, in 
several primate species forest fragmentation was not found to increase parasite infection risk. 
This is the case for black howler monkeys (this study), long-tailed macaques (Lane et al. 2011), 
lowland gorillas and chimpanzees (Gillespie et al. 2009). In fact, in a meta-analysis based on 117 
primate species that controlled for phylogenetic and geographic range effects, Altizer et al. 
(2007) found that primate taxa considered as threatened harbored lower parasite prevalence and 
species richness compared to non-threatened primate species. This suggests that factors 
associated with human activities which threaten primates with extinction (e.g., habitat loss, 
landscape alteration, and the resulting primate population size reduction and isolation), may also 
reduce the survival and viability of gastrointestinal parasites in these altered habitats. 
The conservation status of black howler monkeys is endangered, due to severe habitat 
loss resulting from anthropogenic activities (IUCN 2014; Estrada et al. 2006). Although black 
howler monkeys are able to persist in highly fragmented habitats (Arroyo-Rodríguez & Dias 
2010; this study) and exhibit reduced gastrointestinal parasite prevalence in small forest 
fragments, they remain susceptible to other enteric parasites such as Giardia sp, 
Cryptosporidium sp, Strongyloides sp, or Ascaris sp (Vitazkova 2009) that may exert sub-lethal 
effects, including mucosal inflammation, tissue damage, blood loss, severe diarrhea, abdominal 
pain, decreased nutrient absorption, and impaired cognition, reducing host health (Coop & 
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Holmes 1996; Thompson 2000; Eppig et al. 2010). In addition, other types of parasites, such as 
the infectious RNA virus (Genus Flavivirus, Family Flaviviridae) that causes yellow fever, and 
the bot fly (Alouattamyia baeri) which provokes cutaneous lesions on its host, have contributed 
to the decline of howler monkey populations. In Argentina and Brazil, a yellow fever outbreak 
was estimated to kill at least 2,000 brown (A. guariba) and black-and-gold (A. caraya) howler 
monkeys in 2008-2009 (Bicca-Marques & Santos de Freitas 2010; Holzmann et al. 2010). 
Similarly, based on mortality and parasite data collected over 60 months, Milton (1996) reported 
a positive correlation between the prevalence of bot fly (Alouattamyia baeri) infestations and 
monthly mortality of mantled howler monkeys (A. palliata) on Barro Colorado Island, 
suggesting that increased levels of parasitism have contributed to the annual mortality of these 
primates. Therefore, a thorough health assessment of howler populations inhabiting 
anthropogenically disturbed forest will require the inclusion of other parasite types, such as 
viruses or ectoparasites. 
Finally, I found a seasonal effect of rainfall on the prevalence of gastrointestinal 
parasites. Parasite prevalence was reduced during the months of high rainfall (>200 mm) and 
increased during months when precipitation was below 150 mm. This pattern was maintained 
across all howler groups independent of fragment type. These findings contrast with results 
reported for certain primate studies (Table 2.7). Eleven out of 23 studies presented in Table 2.7 
reported that parasite infection (prevalence and/or richness) increased during wetter periods of 
the year in prosimians (Propithecus edwardsi), New World (A. palliata, A. pigra), and Old 
World primates (C. guereza, P. ursinus, Mandrillus sphinx, Hylobates lar, P. troglodytes). Other 
primate studies (prosimians: Microcebus murinus, Eulemur flavifrons; New World primates: A. 
palliata, Ateles geoffroyi; Old World primates: C. guereza, P. tephrosceles, C. ascanius, P. 
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ursinus), however, reported no clear differences between seasons, and only four studies (A. 
pigra, C. capucinus, and G. g. gorilla) found that parasite infection increased during drier 
periods. Reduced prevalence during the rainy period may be related to the fact that increased 
rainfall can remove parasite infective stages from howler feces, limiting the transmission of 
parasites during that time of the year. However, experimental research would be needed to test 
this hypothesis. 
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Tables 
 
Table 2.1. Forest fragments characteristics and parasite prevalence and richness of seven groups of black howler monkeys (Alouatta 
pigra) at Escárcega, State of Campeche, Mexico 
Shape index: estimated by the formula SI=P/(2[A
0.5
]) where P is the perimeter-length and A is the area of the fragment (Cochrane & Laurance 
2002) 
P/A: perimeter-to-area ratio 
Canopy: percentage of canopy closure in each howler home range 
*Refers to the number of fecal samples collected in each social group 
 
Group Fragment 
size (ha) 
Shape 
index 
P/A 
ratio 
Home 
range 
(ha) 
Canopy 
(%) 
Tree 
density 
(tree/ha) 
Basal 
area 
(m
2
/ha) 
Stump/Tree 
ratio 
Howler 
density 
(ind/km
2
) 
Parasite 
prevalence 
(%) 
Mean (SD) 
parasite 
richness 
Parasite 
richness 
range 
Sample 
size* 
FE 2.36 4.67 0.061 2.32 79.50 870.0 49.33 0.015 339.0 79.2 1.13 (0.8) 0 - 3 78 
PD 2.61 4.64 0.057 0.74 84.11 700.0 46.75 0.116 230.0 54.9 0.92 (1.0) 0 - 4 91 
CN 4.95 2.41 0.022 2.65 93.44 907.14 62.49 0.083 121.2 59.2 0.83 (0.8) 0 - 3 80 
CH 9.0 3.22 0.021 4.73 83.26 663.16 55.88 0.093 122.4 76.4 1.10 (0.8) 0 - 3 107 
JK 2,137 2.30 0.001 4.27 94.42 980.0 88.23 0.019 12.7 70.2 1.12 (1.0) 0 - 4 106 
MN 2,137 2.30 0.001 14.77 95.45 700.0 64.53 0.012 12.7 69.0 1.03 (0.9) 0 - 4 135 
BS 2,137 2.30 0.001 7.63 92.76 911.43 67.72 0.008 12.7 64.8 1.07 (1.0) 0 - 3 76 
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Table 2.2. Sex-age composition of seven groups of black howler monkeys (Alouatta pigra) at 
Escárcega, State of Campeche, Mexico from February 2011 to February 2012 
 
AM: adult male; AF: adult female; JM: juvenile male; JF: juvenile female; IM: infant male; IF: infant 
female; SD: standard deviation 
 
 
 
  February 2011       February 2012     
Group AM AF JM JF IM IF Total  AM AF JM JF IM IF Total 
FE 2 3 0 2 0 1 8  2 2 0 1 1 0 6 
PD 1 2 0 1 1 1 6  1 1 1 1 0 0 4 
CN 2 2 0 1 0 1 6  2 2 0 2 0 0 6 
CH 2 4 1 1 1 2 11  2 3 1 2 1 1 10 
JK 2 2 1 0 1 0 6  2 2 1 0 0 1 6 
MN 5 2 2 1 1 1 12  4 2 3 2 1 1 13 
BS 3 2 1 1 1 1 9  2 2 1 2 0 1 8 
Mean 2.4 2.4 0.7 1.0 0.7 1.0 8.3  2.1 2.0 1.0 1.4 0.4 0.6 7.6 
SD 1.3 0.8 0.8 0.6 0.5 0.6 2.5  0.9 0.6 1.0 0.8 0.5 0.5 3.0 
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Table 2.3. Prevalence (%) of seven gastrointestinal parasites and descriptive measures of eggs and cysts based on 673 analyzed fecal 
samples of black howler monkeys (Alouatta pigra) from Escárcega, State of Campeche, Mexico 
 
    Parasite eggs and cysts measures   
Parasite taxon Prevalence 
(%) 
Lower 
CI  
Upper 
CI 
Mean length ± SD 
(μm) 
Mean width ± SD 
(μm) 
N* 
Trypanoxyuris 
minutus 
14.3 11.7 17.3 46.5 ± 3.98 24.8 ± 1.63 316 
Strongylidae† 1.2 0.5 2.3 53.88 ± 11.18 34.16 ± 5.3 9 
Parabronema sp. 0.4 0.1 1.3 68.5 ± 4.28 24.75 ± 2.48 10 
Controrchis 
biliophilus 
44.6 40.8 48.5 42.75 ± 3.01 23.96 ± 1.47 536 
Trematode I‡ 29.2 25.8 32.8 40.12 ± 4.04 21.13 ± 2.4 294 
Entamoeba coli 9.7 7.5 12.2 17.05 ± 2.86 16.54 ± 2.75 159 
Entamoeba sp. 3.1 1.9 4.7 16.07 ± 4.21 15.0 ± 3.6 28 
*N: refers to the total number of egg and cyst representatives measured 
CI: confidence intervals at 95% level for prevalence 
†Parasites from the Strongylidae family 
‡Unidentified trematode from the Dicrocoeliidae family
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Table 2.4. Results of the generalized linear mixed model for presence-absence of gastrointestinal 
parasites hosted by black howler monkeys (Alouatta pigra) at Escárcega, State of Campeche, 
Mexico 
Term Estimate Standard 
error 
z-value p-value lower CI upper CI 
Intercept 0.0013 2.018 0.0006 ns -3.954 3.957 
Size 0.3697 0.243 1.520 ns -0.106 0.846 
Shape 0.5521 0.547 1.009 ns -0.520 1.624 
BA 0.0025 0.018 0.139 ns -0.0329 0.037 
Stump -17.573 8.503 -2.066 <0.05 -34.239 -0.907 
Howler 
density 
-0. 257 0.446 -0.577 ns -1.131 0.616 
Precipitation -0.0034 0.00098 -3.482 <0.001 -0.0053 -0.0015 
CI: confidence intervals at 95% level 
Shape: fragment shape 
BA: basal area 
Stump: stump-to-tree ratio 
Howler density: number of individuals/ha 
ns: not significant 
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Table 2.5. Results of the generalized linear mixed model for gastrointestinal parasite species 
richness hosted by black howler monkeys (Alouatta pigra) at Escárcega, State of Campeche, 
Mexico 
Term Estimate Standard 
error 
z-value p-value lower CI upper CI 
Intercept -0.71277 0.86153 -0.827 ns -2.40134 0.97580 
Size 0.13552 0.09827 1.379 ns -0.05709 0.32814 
Shape 0.26343 0.24280 1.085 ns -0.21245 0.73931 
BA 0.00377 0.00749 0.504 ns -0.01092 0.01847 
Stump -5.93597 3.55353 -1.670 ns -12.90076 1.02881 
Howler 
density 
-0.18727 0.19417 -0.964 ns -0.56784 0.19330 
Precipitation -0.00053 0.00042 -1.259 ns -0.00136 0.00029 
CI: confidence intervals at 95% level 
Shape: fragment shape 
BA: basal area 
Stump: stump-to-tree ratio 
Howler density: number of individuals/ha 
ns: not significant 
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Table 2.6. Studies examining gastrointestinal parasites in black howler monkeys (Alouatta pigra) across their distribution 
 
Reference Study 
site 
Forest type Mean annual 
rainfall (mm) and 
season 
Individual 
density 
(ind/km2) 
#  of 
groups 
sampled 
# of 
individuals 
sampled 
# of samples 
per individual 
Total 
fecal 
samples 
Duration 
of study 
(months) 
Habitat 
measures 
Season 
sampled 
# of 
parasite 
species 
Parasite prevalence 
results 
1 LAR  
CBS 
LAR: SED 
CBS: SRF 
LAR: 1200 
CBS: 1995 
LAR: 28 - 42 
CBS: 142.8 
LAR: 22 
CBS: 15 
LAR: 99 
CBS: 68 
1? 167? LAR: 5.5 
CBS: 7 
No quantitative 
data. Only 
categorical 
variables 
LAR: Wet 
and dry 
CBS: dry 
6 Wet > dry 
Adult > juvenile  
Males = females 
2 MA TRF 3000 
rainy: Jun-Nov 
dry: Dec-May 
Not 
mentioned 
3 15 1 to 5 151 9 No quantitative 
data. Only 
categorical 
variables 
Wet and 
dry 
8 Wet < dry 
Adult < juvenile  
Males = females 
3 PNP 
CK  
CBS 
CBWS 
TEF 
TDF 
SRF 
PNP: 2200 
CK: 820 
CBS:1995 
CBWS: 2700 
Categorical*: 
PNP: medium  
CK: medium 
CBS: high 
CBWS: low 
9 50 Not 
mentioned 
253 6 No quantitative 
data. Only 
categorical 
variables 
Wet and 
dry 
4 Continuous = fragmented 
Adult = juvenile 
Males = females  
Density had mixed effects 
depending on parasite  
4 EC 
PNP 
CK  
MA 
RA 
TDF 
TEF 
TDF 
TRF 
EC: 1380 
PNP: 2200 
CK: 820 
MA: 3000 
RA: 3000 
PNP: 23 
CK: 15.2 
MA: 44.1 
RA: 25.6 
Fragments: 
88-700 
EC: 26 
PNP: 20 
CK: 8 
MA: 13 
RA: 12 
Fragment
: 4 
Not 
mentioned 
Not 
mentioned 
159  No quantitative 
data. Only 
categorical 
variables 
Not 
mentione
d 
6 Continuous = fragmented 
Males > females  
No effect of density  
5 PNP TEF 2200 
rainy: May-Dec, 
dry: Jan-Apr 
PNP: 23 
Fragments: 
119 
22 170 1 170 6 No quantitative 
data. Only 
categorical 
variables 
Wet and 
dry 
16 Continuous < fragmented 
Wet > dry 
Males = females  
Adult = juvenile 
6 EC TDF 1380 
rainy: Jun-Oct 
dry: Jan –May 
8.3 - 338 7 46 15.3 ± 5 673 12 Yes. Provides 
quantitative 
measures of 
habitat features 
All year 
long 
covering 
rainy and 
dry 
periods 
7 Negative relationship 
between stump/tree ratio 
and prevalence 
Negative relationship 
between rainfall and 
prevalence 
1) Eckert et al. 2006; 2) Stoner & González Di Pierro 2006; 3) Vitazkova & Wade 2007; 4) Trejo-Macías et al. 2007; 5) Trejo-Macías & Estrada 2012; 6) This 
study. 
Sites: PNP: Palenque National Park, Mexico; CK: Calakmul Biosphere Reserve, Mexico; CBS: Community Baboon Sanctuary, Belize; CBWS: Cockscomb 
Basin Wildlife Sanctuary, Belize; LAR: Lamanai Archaeological Reserve, Belize; MA: Montes Azules Biosphere Reserve, Mexico; EC: Escárcega, Campeche, 
Mexico.   
Forest type: TEF: tall evergreen forest; SED: semi-evergreen seasonal forest; TRF: tropical rain forest; SRF: secondary riverine forest; TDF: tropical deciduous 
forest. 
*Categorical population density: High density= >45 ind/km
2
; Medium density= 11 - 44 ind/km
2
; Low density= 1 - 10 ind/km
2 
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Table 2.7. Effects of seasonality on parasitic infection in wild non-human primates 
 
Species Site Mean annual 
rainfall (mm) 
Rainy  
season 
Dry 
season 
Parasite 
type 
Trend Reference 
Microcebus murinus Mandena, Madagascar 1600 Apr-Aug Sep-Nov GI Prevalence and richness did not 
differ between wet and dry seasons 
Raharivololona & 
Ganzhorn 2010 
Eulemur flavifrons Ankarafa Forest, 
Madagascar 
1600 Nov-Apr May-Oct GI No difference between wet and dry 
seasons 
Schwitzer et al. 
2010 
Propithecus 
edwardsi 
Ranomafana National 
Park, Madagascar 
3000 Dec-Mar Jun-Sep ECT Ectoparasite richness higher in wet 
season 
Wright et al. 2009 
Alouatta palliata Barro Colorado Island, 
Panama 
2612 May-Nov Jan-Apr ECT Bot fly prevalence higher in rainy 
season 
Milton 1996 
A. palliata Los Tuxtlas Biosphere 
Reserve, Mexico 
4900 Jun-Jan Feb-May GI GI prevalence higher in rainy 
season 
Cristóbal-Azkarate 
et al. 2010 
A. palliata Santa Marta, Los Tuxtlas, 
Mexico 
4900 Oct-Dec Feb-Apr GI GI prevalence higher in rainy 
season 
Valdespino et al. 
2010 
A. palliata Santa Rosa National Park, 
Costa Rica 
900-2500 Jun-Nov Dec-May GI No difference between wet and dry 
seasons 
Maldonado-López 
et al. 2014 
A. pigra Lamanai and Community 
Baboon Sanctuary, Belize 
1200-1995 ? ? GI GI prevalence higher in rainy 
season 
Eckert et al. 2006 
A. pigra Montes Azules Biosphere 
Reserve, Mexico 
3000 Jun-Nov Dec-May GI GI prevalence increased in dry 
season 
Stoner & Gonzalez 
Di Pierro 2006 
A. pigra Escárcega, Mexico 1380 Jun-Oct Jan-May GI GI prevalence increased in dry 
season 
This study 
Ateles geoffroyi Santa Rosa National Park, 
Costa Rica 
900-2500 Jun-Nov Dec-May GI No difference between wet and dry 
seasons 
Maldonado-López 
et al. 2014 
Cebus capucinus Santa Rosa, Costa Rica 1500 May-Dec Jan-Apr GI GI prevalence increased in dry 
season 
Parr et al. 2013 
 
 
 
 
 
58 
 
Table 2.7 continued….. 
 
Species Site Mean annual 
rainfall (mm) 
Rainy  
season 
Dry 
season 
Parasite 
type 
Trend Reference 
Colobus guereza Kibale National Park, 
Uganda 
1749 Mar-May, 
Aug-Nov 
? GI Increased in wet lowlands 
compared to dry highlands 
Chapman et al. 2010 
C. guereza Kibale National Park, 
Uganda 
1749 Mar-May, 
Aug-Nov 
? GI No effect of rainfall on GI 
prevalence 
Gillespie et al. 2005b 
Piliocolobus 
tephrosceles 
Kibale National Park, 
Uganda 
1749 Mar-May, 
Aug-Nov 
? GI No effect of rainfall on GI 
prevalence 
Gillespie et al. 2005b 
Cercopithecus 
ascanius 
Kibale National Park, 
Uganda 
1749 Mar-May, 
Aug-Nov 
? GI No effect of rainfall on GI 
prevalence 
Gillespie et al. 2004 
Papio ursinus Tsaobis Leopard 
National Park, Namibia 
123 Dec-Apr rest of the 
year 
GI GI prevalence increased in 
rainy season 
Benavides et al. 2012 
P. ursinus Western Cape Province, 
South Africa 
~580 winter summer GI No difference between wet 
and dry seasons 
Ravasi et al. 2012 
Mandrillus sphinx Franceville, Gabon 1860 Feb-Apr June-Aug GI GI prevalence decreased in 
dry season 
Setchell et al. 2007 
Hylobates lar Khao Yai National 
Park,Thailand 
2000-3000 Jun-Oct ? GI GI prevalence increased 
during rainfall periods 
Gillespie et al. 2013 
Pan troglodytes Ugalla, Tanzania 1000 Nov-Apr May-Oct GI GI prevalence increased 
with rainfall 
Gonzalez-Moreno et 
al. 2013 
P. troglodytes Mahale Mountains 
National Park, Tanzania 
1800 Oct-May June-Sep? GI GI prevalence higher in 
rainy season 
Huffman et al. 1997 
Gorilla gorilla gorilla  Dzanga-Ndoki National 
Park, Central African 
Republic 
1700 Apr-Nov Dec-Mar GI GI prevalence increased in 
dry season 
Masi et al. 2012 
No effect= 8 studies (34.8%); Wet higher than dry= 11 studies (47.8%); Dry higher than wet= 4 studies (17.4%) 
GI: gastrointestinal parasites 
ECT: ectoparasites 
59 
 
Figures 
 
 
Figure 2.1. Model depicting two contrasting effects of forest disturbance due to logging on the probability 
of parasite infection in black howler monkeys (Alouatta pigra). Hypothesis 1 (H1) indicates that as 
disturbance of forest associated with anthropogenic activities increases, the parasite infection (i.e., 
prevalence and richness) increases too. In contrast, Hypothesis 2 (H2) states that parasite infection will 
decrease with increasing levels of forest disturbance. 
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Figure 2.2. Monthly rainfall and temperature from the study site at Escárcega, State of Campeche, 
Mexico. 
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Figure 2.3. Relationships between the proportion of gastrointestinal parasite infection in resident 
black howler monkeys (Alouatta pigra) and stump-to-tree ratio (i.e., disturbance index) at 
Escárcega, State of Campeche, Mexico. Trend line only for visual purposes. 
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Figure 2.4. Negative relationship between monthly precipitation and the proportion of infected samples of 
black howler monkeys (Alouatta pigra) at Escárcega, State of Campeche, Mexico. Trend line only for 
visual purposes. 
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Figure 2.5. Monthly precipitation and prevalence of gastrointestinal parasites in resident black howler 
monkeys (Alouatta pigra) at Escárcega, State of Campeche, Mexico. 
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CHAPTER 3 
AGE-RELATED EFFECTS OF GASTROINTESTINAL PARASITE INFECTION IN 
WILD BLACK HOWLER MONKEYS (ALOUATTA PIGRA) 
 
Introduction 
Research on wildlife disease ecology indicates that the probability of parasite infection is 
affected by factors associated with host traits (e.g., dominance, sex, or age) as well as external 
conditions such as seasonal changes in temperature, rainfall, resource availability, and parasite 
life-cycles (Wilson et al. 2002). Among factors intrinsic to the host, the age of an individual has 
been reported to differentially affect rates of parasitic transmission in several vertebrates 
including fish, birds, bats, rodents, and non-human and human primates (Krasnov et al. 2006; 
Plowright et al. 2008; MacIntosh et al. 2010). The aggregated distribution of parasites among 
different age classes has been modeled by three main age-intensity curves (Hudson & Dobson 
1995; Wilson et al. 2002). These models assume that vertical parasite transmission (i.e., parasites 
transferred from mother to offspring) and parasite reproduction within the hosts either do not 
occur or have limited effects on parasite intensity (Wilson et al. 2002). Therefore, these models 
are highly relevant to examining infections caused by helminth parasites (i.e., macroparasites) 
including nematodes, trematodes, or cestodes, which shed their infective stages (i.e., larvae) 
outside of the host and into the external environment through host feces (Nunn & Altizer 2006). 
Hosts then encounter new helminth infections or become re-infected through direct contact with 
infective stages deposited in feces. In contrast, these age-intensity curve models are less suitable 
for studying the effects of age on the prevalence (i.e., proportion of infected hosts) and intensity 
(i.e., number of individuals of a specific parasite within a host) of protozoan parasites (e.g., 
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microparasites such as Leishmania spp., Giardia spp., Entamoeba spp.) due to the fact that 
protozoan replication occurs through a process of asexual reproduction within the host (Bush et 
al. 2001). 
The first transmission model predicts that individuals accumulate parasite infections (e.g., 
parasite intensity, richness, and prevalence) over time; therefore, parasitism is expected to 
increase with host age. This is known as the Type I age-intensity curve (Figure 3.1). The Type II 
infection curve predicts that parasite infection rates rise rapidly at an early age in juveniles, 
increasing towards an asymptote as individuals reach adulthood. An assumption of this model is 
that the rates of parasite acquisition are similar to parasite mortality rates. In contrast, the shape 
of the Type III infection curve is convex (Figure 3.1), and shows a less steep increase in parasite 
infection during the early periods of a host’s life (e.g., infants or juveniles) followed by a decline 
in infection rates during adulthood. This host-parasite relationship also may reflect a negative 
relationship between age and parasite infection rates (Wilson et al. 2002). The Type III infection 
curve can be explained by the possibility that young individuals have not yet developed the 
necessary immune defenses required to combat parasites, but as these individuals age, immunity 
improves lowering the rate and intensity of parasitic infections (Lloyd 1995; Nunn & Altizer 
2006).  
The purpose of this chapter is 1) to determine if parasite infection rates (estimated 
through parasite prevalence and species richness) are affected by age in black howler monkeys 
(Alouatta pigra), and 2) to determine if parasite infection rates change predictably across 
seasonal periods of the year characterized by changes in food availability and environmental 
conditions. In non-human primates, age-related models of parasitic infection have been 
examined in chacma baboons (Papio ursinus, Benavides et al. 2012) and Japanese macaques 
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(Macaca fuscata yakui, MacIntosh et al. 2010). For example, MacIntosh et al. (2010) found that 
the prevalence of the intestinal parasites, Strongyloides fuelleborni and Trichuris trichiura, was 
significantly higher in 1 - 2 year old juvenile Japanese macaques than in 3 - 4 year old juveniles 
and adults >5 years. Similarly, Benavides et al. (2012) found that the relationship between the 
species richness of intestinal parasites and age of chacma baboons followed a Type III convex 
curve. Parasite species richness was higher in baboons <5 years old (juveniles), but was lower in 
individuals >10 years old (adults). In another study, De Nys et al. (2013) reported a negative 
relationship between the proportion of Plasmodium spp. infections (blood parasites that cause 
malaria) and age in western chimpanzees (Pan troglodytes verus) in Taï National Park, Ivory 
Cost. Chimpanzees <14 years (individuals who had not reached sexual maturity) showed a 
higher proportion of Plasmodium spp. infections than older individuals (De Nys et al. 2013). 
Although these data suggest that early age is a period during which primates experience increase 
susceptibility to parasite infection, other studies indicate no clear pattern of infection in relation 
to age (Table 3.1). For example, as illustrated in Table 3.1, six out of 20 studies of prosimian and 
anthropoid primates (30%) found that adults had higher parasite infection rates than juveniles. 
Seven studies (35%) showed that juveniles were more frequently affected by parasites than 
adults, and seven (35%) studies reported no differences among age classes (Table 3.1). Given 
that host-parasite relationships are highly specific and vary among populations (Hudson & 
Dobson 1995), studies designed to examine age-related effects need to consider other potential 
infection risk factors, such as habitat disturbance (e.g., logging rates, Gillespie & Chapman 
2008), parasite life history, and seasonal differences in host susceptibility to parasite infection in 
response to changes in food availability, rainfall, or temperature. Such an approach offers a more 
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integrated understanding of the factors that impact patterns of intestinal parasitism in wild 
primate populations (Nunn & Altizer 2006; Gillespie et al. 2008). 
 
Seasonality in parasite infection 
Seasonal changes in climate play an important role in mediating the distribution, prevalence, and 
transmission rates of parasites in animal populations (Altizer et al. 2006). For example, in forests 
characterized by well defined rainy and dry seasons, increased parasite prevalence, intensity, and 
species richness have been associated with wetter periods of the year (i.e. rainy season) in 
primates including sifakas (Propithecus edwardsi, Wright et al. 2009), mantled howlers (A. 
palliata, Milton 1996; Cristóbal-Azkarate et al. 2010), and chimpanzees (P. troglodytes, 
Huffman et al. 1997; Gonzalez-Moreno et al. 2013). This effect has been attributed to the fact 
that increased humidity may favor the development rate and survival of intestinal parasites that 
are shed in feces such as nematodes (e.g., Oesophagostomum stephanostomum, Huffman et al. 
1997; Haemonchus contortus, O’Connor et al. 2006; Necator sp., Gillespie et al. 2010). 
However, studies of other primate species including capuchin monkeys (Cebus capucinus), black 
howler monkeys (A. pigra), and gorillas (Gorilla gorilla gorilla) reported higher parasite 
infection rates during drier periods of the year (Stoner & González Di Pierro 2006; Masi et al. 
2012; Parr et al. 2013). Masi et al. (2012) proposed that during dry periods, animals experience 
nutritional stress, which is defined as an energy imbalance due to insufficient nutrient and energy 
intake associated with a restricted diet, resulting in reduced weight, fertility (e.g., ovulation 
inhibition), and health (Lujan et al. 2005; Plowright et al. 2008; Jeanniard du Dot et al. 2009). 
Nutritional stress also may lead to a temporal suppression of the immune system (Coe 1992; 
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Lloyd 1995), and thus, increased susceptibility to parasite infection (Lloyd 1995; Gulland 1992; 
Anstead et al. 2001). 
  
Energy deficits and parasite infection 
Experimental studies under controlled conditions have demonstrated that deficits in 
energy intake associated with low-caloric diets increase the intensity of gastrointestinal parasite 
infections. For example, Merino sheep (Ovis orientalis) infected with the nematode Haemonchus 
contortus were fed a diet composed of either 400gr or 600gr pellets that contained 17% crude 
protein. After five months, sheep fed the 400gr pellet diet weighed 18% less and showed a 5-fold 
increase in parasite egg counts (eggs/grams) compared to individuals fed the 600gr pellet diet 
(Roberts & Adams 1990). Similarly, a study in mice (Mus musculus) indicated that when food 
intake was decreased by 40% over a 6-month period, individuals had higher parasite intensity (a 
47% increase in the number of intestinal worms of the parasite Heligmosomoides bakeri) than 
control mice (Kristan 2007). In the case of non-human primates, seasonal periods (e.g., 3 - 5 
months) of presumed reduced caloric and nutrient intake (e.g., periods of reduced food 
abundance) are reported to impose significant physiological costs (Table 3.2), including reduced 
body mass (7% decrease: Macaca fascicularis, Girard-Buttoz et al. 2011), reduced fertility 
(ovulation inhibition: M. mulatta, Lujan et al. 2005), increased gastrointestinal parasite intensity 
(Colobus guereza, Harris et al. 2010), and higher glucocorticoid levels (a measure of 
physiological stress (Papio cynocephalus, Gesquiere et al. 2011; Eulemur collaris, Balestri et al. 
2014)). Thus, it appears that reductions in energy and nutrient intake related to periodical 
consumption of low-protein or nutrient-deficient diets may impair resistance against 
gastrointestinal parasites in mammals. 
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Black howler monkeys 
In this paper, I examined the effects of age on gastrointestinal parasite infection (i.e., 
parasite prevalence and species richness) in individually recognized Mesoamerican black howler 
monkeys (Alouatta pigra) that were monitored repeatedly over the course of one year. Alouatta 
pigra is distributed in Southern Mexico, Guatemala and Belize and is currently listed as 
“Endangered” in the International Union for Conservation of Nature Red List of Threatened 
Species (IUCN 2014). Populations of A. pigra inhabit several forest types including tall 
evergreen rain forests, deciduous tropical forests, lowland forests, riparian forests, mangroves, 
and anthropogenically disturbed forest fragments (Estrada et al. 2002, 2004; Pavelka & Knopff 
2004; Pozo-Montuy et al. 2008; Luecke Bridgeman 2012). Data on black howler feeding ecology 
indicate seasonal differences in the consumption of energy. In a 12 month study by Righini 
(2014), the total energy intake of black howlers decreased by 15 - 18% during the cool dry 
season (i.e., nortes) compared to the hot dry and rainy seasons. If increased energy serves to 
buffer the black howler immune system, then lower parasite infection rates are expected during 
periods of the year characterized by increased intake of carbohydrates and lipids. At present, it is 
unclear to what extent seasonal fluctuations in nutrient intake affect black howler health and 
individual susceptibility to parasite infection. To examine temporal variation in parasite infection 
rates among individuals of different age classes, I studied the effects of the interaction between 
age and seasonality on gastrointestinal parasite infection patterns in black howler monkeys. The 
following hypotheses were tested: 
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H1. Infection rates of gastrointestinal parasites are affected by age in black howler 
monkeys.  
a) Assuming that adult black howler monkeys are exposed to an increased diversity of parasites 
and parasite infectious stages throughout their lifetime (Type I parasite-intensity curve (Hudson 
& Dobson1995; Nunn & Altizer 2006)), adult individuals are expected to show higher parasite 
prevalence and richness compared to immature individuals (i.e., younger and older juveniles).  
b) However, if gastrointestinal parasite infection rates in black howler monkeys fit the Type II 
age-infection curve, then younger juveniles are expected to exhibit lower parasite prevalence and 
richness compared to older juveniles and adults. No differences in infection rates (parasite 
prevalence and richness) are expected between older juveniles and adult howler monkeys.  
c) In contrast, assuming that adult howler monkeys acquire protective immunity in response to 
early parasite exposure and therefore exhibit greater resistance, and that both younger and older 
juveniles do not fully develop an effective immune response against parasites until they reach 
adulthood (Lloyd 1995; Wilson et al. 2002), then immature howler monkeys (younger and older 
juveniles) are expected to exhibit a higher parasite prevalence and richness compared to adults 
(i.e., Type III infection-curve). 
 
H2. Differences in parasite prevalence and richness is affected by seasonal changes in 
energy intake  
If primates reduce their energy intake or the intake of macronutrients that contribute to energy 
storage (i.e., carbohydrates and lipids) during fruit-limited periods, then all individuals are 
expected to experience a short-term increase in parasite prevalence and richness in response to 
short-term impairment in immune response (i.e., periods of nutritional stress: Lloyd 1995; 
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Chapman et al. 2006; Masi et al. 2012). Moreover, assuming that the interaction between age and 
seasonal changes in nutritional stress synergistically affects parasite infection rates in black 
howler monkeys, then, the effects of host age on parasite prevalence and richness (see 
Hypothesis 1a, 1b, and 1c) will be amplified during periods characterized by low energy intake 
(see Figure 2a, 2b, and 2c).  
 
Methods 
Study site 
This study was conducted in five fragments of tropical deciduous forest in the municipality of 
Escárcega, State of Campeche, Mexico (18°16’N, 90°43’W). These forest fragments differed in 
degrees of disturbance, ranging from a large forest fragment (2,137 ha) characterized by 
continuous canopy, limited human presence, and absence of cattle ranching and agriculture 
practices to small forest fragments (~2 ha) characterized by decreased tree basal area (small 
fragments: 53.6 ± 7.1 m
2
/ha vs large fragment: 73.5 ± 12.9 m
2
/ha), decreased tree density (small 
fragments: 785.1 ± 121.4 trees/ha vs large fragment: 863.8 ± 145.9 trees/ha), decreased tree 
species diversity (Shannon species diversity index= small fragments: 2.04 ± 0.4 vs large 
fragment: 2.4 ± 0.1), and affected by increasing levels of cattle ranching and expanding 
agriculture (Table 3.3). The largest fragment has been protected for more than 40 years by the 
Mexican Institute of Forestry (INIFAP). The remaining fragments have not received 
environmental protection. The distance between the two nearest forest fragments is <1km and the 
distance between the most distant fragments is 13 km.  
In this area there are three marked climatic seasons: 1) A hot rainy season starting from 
June to mid October characterized by a mean daily temperature of 27.5°C and a mean monthly 
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rainfall of 212.6 ± 49 mm. 2) A cool dry period (locally known as “nortes”) that starts at the end 
of October and ends in late December, characterized by cooler temperatures (mean daily 
temperature= 22.8°C), decreased precipitation (mean monthly rainfall= 33.4 ± 40 mm) and short-
term periods (3-day) of increased wind velocity (>20 - 80 km/h) associated with masses of cold 
air originating from the north (Valdez-Hernández et al. 2010). 3) There is a marked dry hot 
season that begins in January and extends until May (mean daily temperature= 28°C; mean 
monthly rainfall= 30.6 ± 29 mm). Mean annual temperature in this part of Mexico is 26.5°C and 
total annual precipitation is 1380 mm (CONAGUA 2015). A recent study conducted by Righini 
(2014) in the large forest fragment indicated that periods of lowest energy intake coincided with 
the cool dry season. Based on these data, I assume the cool dry season is a period of energy 
limitation, and a potentially associated with increased nutritional stress. 
 
Study Subjects 
Thirty adults including 15 males and 15 females, and 14 juvenile howlers including seven males 
and seven females, belonging to seven black howler social groups were monitored from February 
2011 to February 2012. Juvenile howler monkeys were defined as individuals independent from 
their mothers, and no longer suckling. Juvenile howlers are reported to be approximately 25 - 
50% the size of adults (Van Belle & Estrada 2006; Domingo Balcells & Veà Baró 2009). I 
classified immature howlers as “older juveniles” (n= 8) when individuals were >6 months old at 
the start of the study, and as “younger juveniles” (n= 6) if howlers were <6 months old at the 
beginning of the study.  Previous studies by Domingo Balcells & Veà Baró (2009) indicate that 
black howlers are fully weaned at age 12 - 20 months old. Adult males and adult females were 
defined as fully grown individuals (more robust and larger than juveniles; males with testicles 
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fully descended) >40 months old (Di Fiore et al. 2011). Howler monkeys were individually 
recognized by body features such as scars, broken fingers, and in the case of 13 individuals by 
differently colored-anklets. Individuals with anklets had been darted and marked six months 
prior to the start of this investigation. Three groups inhabited the large forest fragment, and the 
other four groups each inhabited a different smaller forest fragment located 9 - 13 km away 
(Table 3.3).  
 
Sampling 
Each howler group was followed from 0600 to 1800 hours at least twice a month, covering a 
total of 1097.5 hours of observation. Over the course of 13 months, a total of 673 fresh fecal 
samples were collected non-invasively from recognized and marked individuals (mean (±SD) = 
15.3 ± 5.1; range= 5 - 26 fecal samples per individual). Immediately after collection, samples 
were examined macroscopically to detect larvae or adult nematodes. To avoid contamination 
with soil or foliage, each aliquot was taken from inside the fecal sample. Three grams of feces 
per sample were placed in 20mL tubes with 10% buffered-formalin solution. Each tube was 
labeled with the donor’s ID, sex, hour and date of collection, and stored in a domestic 
refrigerator until shipped to Dr. Thomas Gillespie’s laboratory at Emory University for analysis. 
Samples were transported to the United States following regulations of Mexican (SAGARPA) 
and US (CDC) authorities. 
 
Parasitological analysis  
Helminth eggs, larvae, and protozoan cysts were recovered via a flotation technique using a 
sodium nitrate (NaNO3) solution, and through fecal sedimentation (Gillespie 2006). These 
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techniques have been shown to be highly efficient for recovering gastrointestinal parasites hosted 
by non-human primates (for more details of these techniques see Gillespie 2006). One slide per 
fecal sample was systematically scanned using a compound microscope. Parasite eggs and cysts 
were counted under the 10× objective lens and measured under the 40× objective lens to the 
nearest 0.1μm with an ocular micrometer. One drop of Lugol’s iodine solution was added to 
facilitate identification. Photographs of representatives were taken and used in the identification 
of parasite taxa. Counts of helminth eggs and protozoan cysts were used to determine parasite 
prevalence and richness as measures of parasitic infection. Parasite prevalence was defined as the 
proportion of fecal samples infected with at least one parasite taxon. Parasite richness was 
defined as the number of parasite species per fecal sample (Bush et al. 1997). 
 
Data analysis 
Parasite prevalence analyses: 
I examined the effects of age (adults, older juveniles, and younger juveniles) and seasonality 
(rainy, cool dry, and hot dry seasons as a proxy of energy content of the diet) on parasite 
prevalence (i.e., proportion of infected samples, Bush et al. 1997) using generalized linear 
mixed-effects models (GLMMs). Each of these models included parasite prevalence as a 
response variable, and age, seasonality, and the interaction between age and seasonality as 
predictor variables. The interaction term was included in each model to determine if periods of 
the year assumed to be associated with nutritional stress exacerbated parasite infection rates in 
howlers belonging to a specific age. To determine if the predictor variables have similar effects 
on all gastrointestinal parasite types, I analyzed separately two main data sets: 1) one set 
including only helminth parasites, and 2) another data set that included only protozoan parasites. 
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Additionally, in the case of two howler study groups (JK n= 104 fecal samples, and MN n= 129 
fecal samples) for which data on individual daily energy intake were available (Righini 2014), I 
tested again the effects of seasonality on parasite prevalence.  
For each of these data sets, I created a 0 - 1 response variable in which 0 represented non-
infected (i.e., absence) and 1 represented infected samples (i.e., presence). Six hundred and forty-
nine out of 673 samples were used in the statistical analyses (adult n= 507, old juveniles n= 77, 
young juveniles n= 65; all groups included). The presence-absence of gastrointestinal parasites 
was analyzed using the binomial link function (Crawley 2007). Given that samples were 
collected overtime from the same individuals, in all analyses individual ID was set as a random 
factor to control for temporal pseudoreplication (Crawley 2007). I used the function dredge in 
the package MuMIn for model selection, and selected the best model based on Akaike inference 
criterion. In order to determine the contribution of the model to explain the data, I compared the 
fit of the best model (full model with predictor variables) against a null model that included only 
the intercept using a likelihood ratio test. GLMM’s and model validation were run in the R 
statistical software (version 2.15.1) using the package lme4. For all analyses significance was 
achieved at 0.05 p-values. 
 
Parasite species richness analysis: 
The effects of age (adults, old and young juveniles), seasonality (rainy, cool dry, and hot dry), 
and the interaction between age and seasonality on parasite species richness were analyzed with 
GLMMs using the Poisson link function. In this analysis the response variable was the number of 
parasite taxa found in each host’s fecal sample (Bush et al. 1997). I compared the fit of the best 
model (full model with predictor variables) against a null model that included only the intercept 
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using a likelihood ratio test. GLMM’s and model validation were run in the R statistical software 
(version 2.15.1) using the package lme4. For all analyses significance was achieved at 0.05 p-
values. 
 
Legal permits 
This study complied with the legal requirements of Mexico (SEMARNAT- DGVS/09084/10), 
was approved by the Institutional Animal Care and Use Committee (IACUC) of University of 
Illinois at Urbana-Champaign (protocol #10054), and complied with the American Society of 
Primatologists Principles for the Ethical Treatment of Primates. 
 
Results 
Group size and composition 
At the onset of this study, the average size of our seven study groups was 8.3 ± 2.5 individuals. 
On average, each group was composed by 2.4 ± 1.3 adult males, 2.4 ± 0.8 adult females, and 3.4 
± 1.3 immature howlers. In April 2011, one adult female and one young juvenile female from the 
FE group, which inhabit a fragment of 2.4 ha, were killed by dogs when they were traveling on 
the ground to reach other trees. In May 2011, one adult female and one old juvenile female were 
expelled from the PE group. These individuals were aggressively harassed by a resident adult 
female living in this group. Similarly, one old juvenile male from group JK disappeared on 
September 2011. Seven births were recorded from October 2011 to February 2012 across groups 
CH (n= 2), MN (n= 2), FE (n= 1), JK (n= 1), and BS (n= 1). Mean group size at the end of the 
study was 7.6 ± 3.0 individuals with 2.1 ± 0.9 adult males, 2.0 ± 0.6 adult females, and 3.4 ± 2.0 
immature individuals.  
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Parasite prevalence 
Seven parasite taxa were found in 673 fecal samples of black howler monkeys. These included 
five helminth and two protozoan taxa. Helminths were represented by three nematodes including 
Trypanoxyuris minutus (14.3% prevalence), Parabronema sp. (0.4% prevalence), and a 
Strongylidae nematode (1.2% prevalence). Two trematodes were found in the howler samples, 
including Controrchis biliophilus (44.6% prevalence), and an unknown trematode recorded as 
Trematode I (29.2% prevalence). The two protozoan taxa were Entamoeba coli (9.7% 
prevalence) and Entamoeba sp. (3.1% prevalence).  
Few samples contained multiple infections: I found that 41.6% of fecal samples from 
adult howler monkeys had one parasite taxon, 25.2% had two parasite taxa, 7.3% harbored three 
taxa, and 0.8% hosted four parasite taxa. Twenty-five percent of adult fecal samples failed to test 
positive for any parasite. Juveniles exhibited a similar pattern of parasite infection. Thirty-one 
percent of fecal samples from older juvenile howlers harbored one taxon, 16.8% contained two 
taxa, and the remaining samples (52%) were negative for parasites. Similarly, 30.8% of samples 
belonging to younger juveniles were infected with one parasite taxon, 6.1% harbored two 
parasite taxa, and 63% did not test positive for intestinal parasites. No juvenile howler was 
infected with more than two parasite taxa (Figure 3.3). Over the course of the year, 22% of the 
time each individual that had multiple parasites in a given month also had multiple parasites 
present in the samples collected in the subsequent month. A major difference between juvenile 
and adult howler monkeys was the fact that whereas 75% of adult fecal samples contained 
parasites, only 37 - 48% of juvenile samples were infected. 
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GLMM analysis on parasite prevalence 
Effects of age on helminths: The generalized linear mixed-effects model showed that age 
significantly predicted the prevalence of helminth parasites. Helminth prevalence was higher in 
adult howler monkeys (mean prevalence ± SD= 69.8 ± 13.7%) compared to older juveniles 
(mean prevalence ± SD= 43.9 ± 20.5%) and twice as high as in younger juveniles (prevalence ± 
SD= 28.1 ± 27.2%) (adults vs older juveniles: β= -1.5, standard error= 0.46, z-value= -3.16, 
p<0.01; adults vs younger juveniles: β= -2.10, standard error= 0.66, z-value= -3.19, p<0.01; 
Table 3.4). In addition, older juveniles had higher helminth prevalence than younger juveniles, 
but this difference was not significant (Figure 3.4). 
 
Effects of seasonality on helminths: I next examined the effects of seasonal changes in energy 
consumption and helminth prevalence using data from two study groups (JK and MN) that 
inhabited the large continuous forest fragment. Based on a previous study by Righini (2014), 
individual daily energy intake of group JK varied between 616.2 to 672.4 kJ/mbm during the hot 
dry and rainy seasons, to 500.2 kJ/mbm in the cool dry season. Similarly, energy intake in group 
MN was 701.1 kJ/mbm in the rainy season, 648.4 kJ/mbm in the hot dry season, and 538.6 
kJ/mbm in the cool dry season (Table 3.5). A GLMM indicated that independent of age, there 
was a significant reduction in helminth prevalence during the rainy season (JK= 46.2%; MN= 
42.6%) for all individuals in the two study groups compared to the cool dry (JK= 66.7%; MN= 
75.0%) and hot dry (JK= 86.8%; MN= 72.1%) seasons (β= -1.7, standard error= 0.35, z-value= -
4.9, p<0.001; Figure 3.5a). Helminth prevalence did not differ significantly between the cool and 
hot dry seasons (Figure 3.5a). Given that individuals in both groups were characterized by 
increased energy consumption during the rainy season, the reduced helminth prevalence shown 
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by black howlers appears to be more closely associated with changes in rainfall patterns and 
possibly the life cycle of parasites than a decrease in energy intake. 
Similar results on the effects of seasonality on helminth prevalence were found when all 
the groups (n= 7) were included in a GLMM analysis (Table 3.4). Black howler monkeys in all 
groups had a significantly lower prevalence (~24.5% reduction) of helminths during the rainy 
season (52.2%) compared to the cool dry (69.4%) and hot dry (68.5%) seasons (Figure 3.5b). 
However, these individuals did not show significant differences in helminth prevalence between 
the cool dry and hot dry seasons (Figure 3.5b). In addition, the interaction between howler age 
and seasonality did not have significant effects on helminth prevalence (Table 3.4). 
 
Effects of age on protozoans: In contrast with the results for helminth, the GLMM analysis 
indicated that age was not a significant factor for the prevalence of protozoan parasites (adults vs 
older juveniles: β= -0.59, standard error= 0.48, z-value= -1.21, p=0.22; adults vs younger 
juveniles: β= -0.41, standard error= 0.46, z-value= -0.89, p=0.37; Table 3.6). Adults and 
immature howlers both showed a low and similar prevalence of protozoan parasites (adults: 13.3 
± 9.7%, older juveniles: 7.7 ± 6.6%, younger juveniles: 8.9 ± 14.0%, Figure 3.6). The lack of 
differences among age classes was likely due to the low number of samples infected with these 
parasites in the data set. 
 
Effects of seasonality on protozoans: The GLMM analysis of the effects of seasonality on 
protozoan parasites from the two study groups (JK and MN) that inhabited the large continuous 
forest fragment, revealed that seasonality was a strong predictor of protozoan prevalence (β= 1.1, 
standard error= 0.47, z-value= 2.2, p<0.05). However in contrast to helminth parasites, in these 
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two groups, protozoan prevalence was significantly higher in the rainy season (21.5%) compared 
to the cool dry (5.1%) and hot dry seasons (8.6%). There were no significant differences between 
cool dry and hot dry seasons (Figure 3.7a).  
Overall, similar to helminth prevalence, protozoan prevalence was not associated with a 
reduction in energy intake leading to a presumed decrease in immune response in group JF and 
MN. Including all seven howler groups in the analysis, the GLMM indicated that black howler 
monkeys had significantly higher protozoan prevalence during both the rainy (18.3%) and cool 
dry seasons (15.0%), compared to the hot dry seasons (5.2%) (Table 3.6, Figure 3.7b). However, 
protozoan prevalence did not differ between the cool dry and rainy seasons, and there were no 
significant interactions between age and seasonality (Table 3.6). These data suggest that patterns 
of intestinal protozoan infection in black howlers are positively associated with seasonal 
fluctuations in rainfall. 
 
GLMM analysis on parasite species richness 
I also examined whether the age of howler monkeys, seasonality, and the interaction between 
these two factors affected parasite species richness (i.e., the number of parasite taxa found in a 
host’s sample including both helminths and protozoans). Adult howler monkeys had significantly 
higher parasite species richness compared to older juveniles and younger juveniles (adults vs 
older juveniles: β= -0.59, standard error= 0.23, z-value= -2.52, p<0.05; adults vs younger 
juveniles: β= -1.1, standard error= 0.42, z-value= -2.63, p<0.01; Table 3.7; Figure 3.8). Despite 
the fact these differences were statistically significant, the number of parasites taxa found in 
samples across the three age categories was low (mean species richness (SD) for adults: 1.17 ± 
0.91, range= 0 - 4 parasite taxa; mean species richness (SD) for older juveniles: 0.65 ± 0.75, 
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range= 0 - 2 parasite taxa; mean species richness (SD) for younger juveniles: 0.43 ± 0.61, range= 
0 - 2 parasite taxa), indicating that multiple infections and the potential for severe parasitosis in 
this howler population was limited. However, in contrast to the results indicating that parasite 
prevalence varied with the different seasons of the year, parasite species richness did not differ 
across seasons (rainy: 0.93 ± 0.06; cool dry: 1.12 ± 0.06; hot dry: 1.06 ± 0.5). There were no 
significant effects of the interaction between age and seasonality on parasite species richness 
(Table 3.7). The number of parasite taxa hosted by black howlers remained similar across the 
year, suggesting that multiple parasite infections are maintained to a minimum in this black 
howler population. 
 
Discussion 
Recent research on infectious disease and health in non-human primates suggests that 
parasite infection rates may be influenced by patterns of social interactions (e.g., grooming), 
demography (e.g., host density), host age and sex, and seasonal changes in rainfall that affect 
parasite development and survival (Gillespie et al. 2008). In this study, I tested a series of 
hypotheses examining the effects of age on parasite prevalence and richness within a population 
of black howler monkeys. A model associated with three hypotheses (i.e., infection curves) that 
account for the effects of host age on infection patterns have been proposed (Hudson & Dobson 
1995; Wilson et al. 2002). The Type I infection curve predicts that adults will show increased 
parasite infection rates compared to young animals as individuals accumulate parasite infections 
over time. The Type II curve indicates that infection rates increase at an early age in juveniles, 
reaching an asymptote as individuals are fully grown. The Type III infection curve predicts a 
negative relationship between age and parasite infection rates. In this research, individuals in 
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seven groups of black howler monkeys (n= 44 howlers) living in forest fragments were found to 
display a Type I infection curve with respect to helminth parasites. Helminth prevalence was 1.6 
to 2.5-fold higher in adult howler monkeys than in younger and older juveniles. Similarly, 
parasite species richness was 1.8 to 2.7-fold higher in adult howler monkeys than in younger and 
older juveniles. However, when analyzing the effect of age on the protozoan parasites 
represented by the genus Entamoeba, there were no age-based differences. This is most likely 
due to the fact that intestinal protozoans reproduce through a process of asexual reproduction 
within the gut of their hosts, and therefore, the intensity of intestinal protozoans is not 
necessarily achieved from recruitment of infective stages deposited in the environment. 
These findings are consistent with studies conducted on Cebus capucinus (Parr et al. 
2013), Mandrillus sphinx (Setchell et al. 2007), Theropithecus gelada (Dunbar 1980), and Papio 
cynocephalus (Hausfater & Watson 1976) which report that adults harbored higher helminth 
parasite infection rates compared to juveniles and infants. However, previous studies in A. pigra 
have reported contradictory results regarding the effects of age on intestinal parasite infection. 
For example, two short-term surveys conducted over 6 - 7 months by Vitazkova and Wade 
(2007) and Trejo-Macías and Estrada (2012), based on <200 fecal samples, did not find 
significant differences in helminth and protozoan parasite prevalence among adults, juveniles, 
and infants. A third study conducted over 9 months in Montes Azules, Mexico reported that 
juveniles showed a 1.6-fold higher helminth and protozoan parasite prevalence than adult howler 
monkeys (Stoner & González Di Pierro 2006). These results were based on 151 fecal samples 
collected from three groups. Finally, the results of a short-term (~5 months, n= 99) survey 
conducted in Lamanai Reserve and the Community Baboon Sanctuary, Belize by Eckert et al. 
(2006), indicated that adult black howlers were reported to have a higher prevalence (93.4%, n= 
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61) of an unidentified trematode than juveniles (62.5% n= 32) and infants (33.3% n= 6). Each of 
these studies was based on a relatively small number of fecal samples. This can lead to an 
underestimation of parasite infection rates (i.e., false negatives), and preclude detecting potential 
biases in infection rates present in some but not other group members (Wilson et al. 2002; 
Muehlenbein 2005). The current study is more robust, since I collected 673 fecal samples (15.3 ± 
5 samples/individual) from 44 individually recognized howlers distributed in seven groups over 
the course of a 13-month period. In our population, adult black howlers consistently maintained a 
greater number of gastrointestinal parasitic infections than did juveniles. This occurred during all 
seasons of the year and among individuals in each howler study group. 
Hudson and Dobson (1995) suggest that adults may accumulate parasite infections 
overtime as a result of a constant exposure to parasite infective stages. Thus, the fact that adults 
were found to have higher helminth prevalence and parasite species richness than juveniles may 
be related to the longer period of time during which they have been exposed to parasites. This 
period includes time from dispersal after individuals leave the natal group to the period of 
immigration into a social group. For example, howler monkeys (A. caraya, A. seniculus, A. 
palliata, and A. pigra) are characterized by a pattern of bisexual dispersal, in which older 
juveniles leave their natal group and remain solitary for periods of several months to years 
(Glander 1992; Crockett & Pope 1993; Calegaro-Marques & Bicca-Marques 1995, Van Belle et 
al. 2008). This period of dispersal occurs at about 24 months of age for males (n= 11) and 33 
months of age for females (n= 26) in A. palliata (Glander 1992), and 48 months of age for males 
and 24 months of age for females in A. seniculus (Crockett & Pope 1993). Female mantled 
howlers remain as solitary individuals during 0.6 - 12 months and disperse on average 1300m 
away from their natal groups (Glander 1992). Male mantled howlers may spend >36 months as 
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solitary and disperse longer distances (up to 3000 m) before they successfully transfer into an 
established group (Glander 1992). Based on these data, it is expected that in a given social group 
of black howler monkeys, adult males are at least 5 years old, and adult females are at least 4 
years old. Assuming that juveniles and infants were sired by the adults in the group, then, there is 
a 3 - 5 year difference in previous exposure to parasite infections between adults and juveniles. 
It is possible that during dispersal, male and female black howlers increase their 
encounter rates with parasites while ranging through contaminated areas of neighboring groups 
(Nunn & Dokey 2006). For example, given that all members in a howler social group tend to 
defecate simultaneously in their sleeping trees after periods of resting (Gilbert 1997; Kowalewski 
& Zunino 2005), this defecation pattern contributes to the presence of areas of vegetation 
(latrines) contaminated with clumped feces (e.g., potential sources of infection) within the home 
range of howler groups. Although male and female black howlers might not get into close 
contact with other individuals during the dispersal period, they may still be exposed to the feces 
of other howler monkeys while ranging in contaminated areas used by neighboring groups. In the 
present research, two adult male howlers that were marked in August 2010 in the continuous 
forest emigrated from groups JK and MN before the start of this study (February 2011). These 
two individuals were later seen traveling within the home range of two other groups. Similarly, a 
solitary juvenile black howler female was seen over two days in the periphery of one forest 
fragment that one of the study groups inhabited (group CN). These observations support the idea 
that migrating individuals range in areas used by established groups and might be exposed to 
latrine sites. Glander (1992) also reported that solitary male and female mantled howlers visit the 
home range of other howler groups. Thus, it is possible that during the dispersal period, which 
involves moving to different areas contaminated with feces shed in the vegetation by other 
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groups, individuals increase their exposure to parasite infective stages, and thereby maintain high 
rates of parasite re-infection overtime. This is one hypothesized mechanism to account for the 
differences found in parasite prevalence and richness between adults and juveniles.  
In vertebrates, the immune system is responsible for the protection of individuals against 
pathogenic infections, including those provoked by helminth and protozoan parasites (Lloyd 
1995; Miller & Horohov 2006). Experimental research of rodents, sheep, and human and non-
human primates have provided evidence that infants and juveniles have lower immune responses 
to infectious parasites compared to older individuals (Colditz et al. 1996; Fallon et al. 2003; Nel 
et al. 2011). This is because younger individuals require constant exposure to pathogens to 
stimulate their immune system to develop antibodies to limit subsequent pathogenic infections 
during adulthood (Lloyd 1995). For example, Fallon et al. (2003) reported that 13-year old adult 
rhesus monkeys (Macaca mulatta) showed a stronger immune response to the helminth 
Schistosoma mansoni (11-fold higher levels of IgE antibody, 15-fold higher levels of IL-4 
immune cells, and 37% less worm burdens), than 2.5-year old juveniles. Similarly, adult mice 
showed higher levels of the immune cell IL-5 (2.3-fold higher) than juveniles after they were 
infected with the intestinal nematode Nyppostrongylus brasiliensis. According to these results, 
younger howlers would be expected to show increased infection rates compared to adults. 
However, in the present research it was found that adult black howler monkeys had higher 
intestinal infection rates than older and younger juveniles. I argue that this is not likely related to 
a reduced or compromised immune response in adults. Instead, other factors such as the level of 
exposure to parasites appear to play a more critical role in the observed infection patterns. 
Many of the parasites infecting black howler monkeys in this population are reported not 
to cause severe health problems to their hosts (e.g., Oxyuridae, Bush et al. 2001); therefore, it is 
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possible that adult black howlers are able to mantain these parasites with limited to no fitness 
costs. For example, the nematode Trypanoxyuris minutus and the protozoan Entamoeba coli are 
non-pathogenic (Bush et al. 2001). Unfortunately, it is unclear to what extent trematodes found 
in this howler population affect howler health. In general, intestinal parasites can cause 
abdominal pain, intestine inflammation, and diarrheal diseases (Bush et al. 2001). However, in 
this research neither adult nor juvenile howlers were recorded as having diarrheic episodes, 
suggesting no symptoms of intestinal disease. Moreover, studies of parasite ecology indicate that 
the risk of developing an infectious disease increases in hosts showing multiple infections (i.e., 
several parasite taxa infecting a single host) and increased parasite intensity (e.g., number of 
individuals of a single parasite within a host) (Nunn et al. 2005). However, in this population, the 
mean number of parasite taxa hosted by adult black howlers was only 1.17 ± 0.91 (median= 1) 
and the mean number of eggs excreted per host sample (mean= 8.3, 95%CL= 5.1 - 16.8) also 
was very low. Juvenile howlers showed similar values (older juveniles: 0.65 ± 0.75 parasite taxa, 
mean number of eggs= 5.8, 95%CL= 2.9 - 11.1; younger juveniles: 0.43 ± 0.61 parasite taxa, 
mean number of eggs= 6.3, 95%CL= 1.8 - 21.3.  In addition, only 22% of the time did an 
individual having multiple parasites in a given month also have multiple parasites in the 
subsequent month. This suggests that howlers in our population were able to limit multiple 
parasite infections. Although adults had a higher prevalence of helminth infection than juveniles, 
the low species richness found in this population suggests that both adult and juvenile black 
howlers have an immune system that functioned successfully in limiting to a minimum instances 
of multiple parasite infections and disease risk.  
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Effects of seasonality on parasite infection rates 
I also examined whether rates of infection varied seasonally in response to changes in 
energy intake. This was accomplished by focusing on two of the seven howler study groups 
inhabiting a continuous forest fragment. In a 12-month study of the nutritional ecology of these 
two groups (JK and MN), Righini (2014) found that total energy intake decreased by 15 - 18% 
during the cool dry season (see Table 5). Given that previous studies have linked a decrease in 
energy intake with a decrease in immune function (Nelson et al. 2002), these two howler groups 
were expected to exhibit increased parasite infection rates during this 3-month period of reduced 
energy intake. However, based on data of parasite prevalence and richness, this hypothesis was 
not supported. During periods of low energy intake neither adult nor juvenile black howler 
monkeys exhibited an increase in parasite infection rates. Although howlers in both groups 
decreased energy intake during the cold dry season, the amount of energy they consumed was 
similar to their expected energy requirements (553 kJ/mbm) based on rates of CO2 production in 
captive mantled howler monkeys (Nagy & Milton 1979). This shows that despite the fact that 
black howlers experience seasonal fluctuations in energy intake, they were not energetically 
constrained. Therefore, it is unlikely that their immune system was compromised due to 
nutritional stress.  
In these two howler social groups, however, there was evidence of a 38 - 44% reduction 
in helminth prevalence during the rainy season in both juvenile and adult black howlers. 
Similarly, all groups exhibit a 33% drop in helminth prevalence during July which correspond to 
the rainy season (Figure 3.9). Given that the rainy season was a period of higher energy intake 
(672 kJ/mbm for group JK and 701 kJ/mbm for group MN), variation in helminth prevalence 
might reflect changes in ecological conditions, such as increased rainfall, that may have served to 
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remove eggs and larvae from feces at latrine sites (Gronvold & Hogh-Schmidt 1989; Stromberg 
1997). For example, in a field experiment, Freeland (1980) found that intestinal parasites 
excreted by mangabeys (Cercocebus albigena) were completely removed from feces after 24 hr 
of intensive rainfall. Similar results were found by Gronvold and Hogh-Schmidt (1989), who 
reported that 90% of the larvae of the parasite Ostertagia ostertagi were completely removed 
from cow feces after 20 min of simulated rainfall. Thus, the lower helminth prevalence exhibited 
during the rainy season by black howler monkeys may be the result of a reduced exposure to 
helminth infective stages that prevented re-infection. 
In contrast, protozoan prevalence increased by 2.5 - 4.2-fold during the rainy season 
compared to the cool dry and hot dry seasons. In this research, protozoan parasites were 
represented by the genus Entamoeba. Periods characterized by heavy rainfall have been 
associated with high prevalence of Entamoeba parasites in black howler monkeys (A. pigra, 
Stoner & González DiPierro 2006) and in humans (Ngui et al. 2012). These parasites release 
infective stages in the form of cysts. Given that these cysts possess a thick cell wall that allows 
them to resists high temperatures and desiccation, they can remain latent for several weeks (up to 
3) before infecting a new host (Bush et al. 2001; Ximénez et al. 2011). In this study, during the 
cool dry and hot dry seasons, black howler monkeys had a lower protozoan prevalence (Figure 
3.9). It is possible that during these seasons, protozoan cysts remained latent until the rainy 
period, when increased precipitation favored their proliferation and re-infection of howler hosts. 
Other studies with domesticated animals (sheep, Green et al. 2004), non-human primates (Pan 
troglodytes, Krief et al. 2005; Gonzalez-Moreno et al. 2013), and humans (Haider et al. 2012), 
also have reported that periods of increased rainfall correspond to periods of higher prevalence of 
other intestinal protozoans such as Endolimax nana, Blastocystis spp, Cryptosporidium spp and 
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Giardia spp. Overall, this suggests that the increased protozoan prevalence found in black 
howler monkeys is best explained by a parasite life cycle that is favored during periods of 
increased precipitation. 
In contrast, parasite species richness was not affected by seasonality. For example, during 
each season, black howler monkeys hosted an average of only one parasite taxon (rainy: 0.93 ± 
0.06; cool dry: 1.12 ± 0.06; hot dry: 1.06 ± 0.05). These findings contrast with what has been 
found in other primate studies. In a study of chacma baboons (Papio ursinus) at Tsaobis Leopard 
Park, Namibia, Benavides et al. (2012) found that parasite species richness increased after a 
period of increased precipitation. Similarly, Setchell et al. (2007) found that in semi-free ranging 
mandrills (Mandrillus sphinx), females had lower parasite species richness during the dry season 
compared to wetter periods of the year. In the current study, the lack of differences among 
seasons may be related to the fact that parasite species richness remained constantly low across 
the year in both adult and juvenile howler monkeys. 
 
Conclusion 
In summary, black howler monkeys are more susceptible to gastrointestinal parasitic 
infections during adulthood. This pattern is unrelated to the habitat type (e.g., fragment type) or 
season, and this appears to be the result of a prolonged exposure to parasite infective stages. In 
general, parasites can affect host population growth, and certainly some age classes may be more 
susceptible to parasitism than others (Hudson & Dobson 1995; Tompkins et al. 2002). In this 
regard, Milton (1996) found that old juvenile mantled howlers on Barro Colorado Island, 
Panama had a higher prevalence of bot fly (Alouattamyia baeri, an ectoparasite causing 
cutaneous lesions) infections than adults, which was a factor that contributed to the annual 
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mortality rate in this howler population. However, the fact that juvenile and infant black howler 
monkeys showed a lower parasite prevalence and had fewer multiple parasitic infections, suggest 
that gastrointestinal parasites has limited negative effects on their health, survivorship and 
fitness. A plausible explanation accounting for reduction in parasite infection present in both 
younger and older juveniles may be related to an immune response acquired through nursing. In 
humans, it is well recognized that the neonate immune system is enhanced by the transfer of 
immune cells through breast milk (Newburg & Walker 2007). Howler monkeys nurse across ca. 
10 - 12 months, and the age at weaning is estimated to occur at 10 - 14 months (Raguet-
Schofield & Pavé 2015). Given that suckling frequency decreases as howler infants age (Raguet-
Schofield & Pavé 2015), the transfer of protective immunity against pathogens contained in milk 
could also decrease gradually. This period coincides with what was found in this research 
regarding patterns of gastrointestinal parasites across age classes. As juveniles approach the age 
of weaning (e.g., old juveniles of > 6 months at the beginning of the study), helminth prevalence 
and parasite species richness also was found to increase (Figure 4 and 8). This suggests that 
nursing could have an important effect regulating parasitic infections in juvenile howlers. 
However, this hypothesis remains to be tested. Finally, in this black howler population there is 
no evidence of seasonal nutritional stress affecting parasite infection rates. Instead, the seasonal 
changes in gastrointestinal parasite prevalence were more related to variation in rainfall patterns 
and the life-cycle of parasites.  
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Tables 
 
Table 3.1. Effects of age on parasitic infection in non-human primates 
 
Species Study site Age effects Parasite type Reference 
Eulemur fulvus 
rufus 
Kirindy Forest, 
Madagascar 
No effects Gastrointestinal Clough et al. 2010 
Cebus capucinus Santa Rosa, 
Guanacaste, Costa 
Rica 
Adults > juveniles Gastrointestinal Parr et al. 2013 
Alouatta seniculus Apure State, 
Venezuela 
No effects Ectoparasites Sánchez-Villagra et 
al. 1998 
Alouatta palliata Barro Colorado 
Island 
Juveniles > adults Ectoparasites Milton 1996 
Alouatta palliata Santa Rosa, 
Guanacaste, Costa 
Rica 
No effects Gastrointestinal Maldonado-López et 
al. 2014  
Alouatta pigra Lamanai 
Archeological 
Reserve, Belize 
Adults > juveniles Gastrointestinal Eckert et al. 2006 
Alouatta pigra Palenque National 
Park, Mexico 
No effects Gastrointestinal Trejo-Macías et al. 
2012 
Ateles geoffroyi Santa Rosa, 
Guanacaste, Costa 
Rica 
No effects Gastrointestinal Maldonado-López et 
al. 2014  
Colobus vellerosus Boabeng-Fiema 
Monkey 
Sanctuary, Ghana 
No effects Gastrointestinal Teichroeb et al. 2009 
Papio ursinus Tsaobis Leopard 
Park, Namibia 
Juveniles > adults Gastrointestinal Benavides et al. 2012 
Papio 
cynocephalus 
anubis 
Gombe Stream 
National Park, 
Tanzania 
Juveniles > adults Gastrointestinal Muller-Graf et al. 
1997 
Papio 
cynocephalus 
Amboseli National 
Park 
Adults > subadults Gastrointestinal Hausfater & Watson 
1976 
Papio 
cynocephalus 
anubis 
Athi and Kibwezi 
Rivers, Kenya 
Adults > juveniles* Gastrointestinal Miller 1960 
Papio 
cynocephalus 
anubis 
Gilgil, Kenya No effects Ectoparasites, 
Gastrointestinal 
Eley et al. 1987 
Mandrillus sphinx Franceville, Gabon Adults > juveniles** Gastrointestinal Setchell et al. 2007 
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Table 3.1 continued ……….. 
 
Species Study site Age effects Parasite type Reference 
Theropithecus 
gelada 
Simien Mountains 
National Park, 
Ethiopia 
Adults > juveniles Endoparasites 
(muscular tissue 
damage) 
Dunbar 1980 
Macaca fuscata 
yakui 
Yakushima, Japan Juveniles > adults Gastrointestinal MacIntosh et al. 
2010 
Pan troglodytes 
verus 
Taï National Park, 
Ivory Cost 
Juveniles > adults Blood parasites De Nys et al. 2013 
Gorilla gorilla 
gorilla 
Bai Hokou and 
Dzanga-Ndoki 
National Park, 
Central African 
Republic 
Juveniles > adults Gastrointestinal Masi et al. 2012 
Pongo pygmaeus Kalimantan, 
Borneo, Indonesia 
Juveniles > adults Gastrointestinal Labes et al. 2010 
*This effect was found only in males 
**This effect was found only in females 
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Table 3.2. Physiological costs related to surrogates of nutritional stress measurements in non-human primates 
Species Ecological or physiological 
challenge 
Physiological response Setting Reference 
Indri indri Habitat degradation (low 
quality of resources) 
↑ parasite diversity and 
prevalence 
Wild Junge et al. 2011 
Lemur catta Decreased fruit intake ↑ fGC Wild Pride 2005 
Eulemur collaris Decreased fruit availability ↑ fGC Wild Balestri et al. 2014 
Alouatta  pigra Decreased fruit availability ↑fGC Wild Behie et al. 2010 
Papio anubis Severe drought, decreased 
food availability 
↓ T Wild Sapolsky 1986 
Papio anubis Decreased food availability ↓ body mass, ↑ parasite                                          
loads 
Wild Eley et a. 1989 
Papio cynocephalus Decreased food availability ↑ fGC, ↓ fT Wild Guesquiere et al. 2011 
Macaca fascicularis Energy restriction due to 
decreased food intake 
↓ body mass, ↓ C-
peptide 
Captive Girard-Buttoz et al. 
2011 
Macaca mulatta Energy restriction due to 
decreased food intake 
↓ body mass, ↑ cortisol, 
inhibition of LH surge 
Captive Lujan et al. 2005 
Colobus guereza Decreased food availability ↓ C-peptide, ↑ parasite 
loads 
Wild Harris et al. 2010 
Cercopithecus mitis Consumption of non-preferred 
foods 
↑ fGC Wild Foerster et al. 2012 
Procolobus 
rufomitratus 
Poor-quality diet ↑ fGC Wild Chapman et al. 2007 
Pan paniscus Energy restriction due to 
decreased food intake 
↓ weight, ↑uGC Captive Deschner et al. 2012 
fGC: fecal glucocorticoids; T: testosterone: fT: fecal testosterone; LH: luteinizing hormone; uGC: urinary glucocorticoids 
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Table 3.3. Characteristics of the forest fragments inhabited by black howler monkeys (Alouatta pigra) at Escárcega, State of 
Campeche, Mexico 
 
 
 
 
 
 
 
 
 
 
†Group size at the end of the study (February 2012); P/A: perimeter to area ratio; *Species of feeding-trees were chosen based on the top-15 most 
consumed species reported by Righini (2014). Feeding-tree species diversity was calculated using the Shannon diversity index. 
 
 
 
Group Group 
size† 
Fragment 
size (ha) 
P/A ratio Canopy 
closure (%) 
Feeding-tree 
species 
diversity* 
Basal 
area 
(m
2
/ha) 
Tree 
density 
(tree/ha) 
Cattle 
presence 
Human 
presence 
          
FE 6 2.36 0.061 79.5 1.88 49.33 870.0 yes frequent 
PD 4 2.61 0.057 84.11 1.947 46.75 700.0 yes frequent 
CN 6 4.95 0.022 93.44 2.596 62.49 907.14 yes rare 
CH 10 9.0 0.021 83.26 1.737 55.88 663.16 yes frequent 
JK 6 2,137 0.001 94.42 2.311 88.23 980.0 no rare 
MN 13 2,137 0.001 95.45 2.382 64.53 700.0 no rare 
BS 8 2,137 0.001 92.76 2.476 67.72 911.43 no no 
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Table 3.4. Results of the generalized linear mixed model for presence-absence of helminth 
parasites affected by age and seasonality in resident black howler monkeys (Alouatta pigra) at 
Escárcega, State of Campeche, Mexico 
 Estimate Standard 
error 
z-value p-value 
Intercept 1.22 0.21 5.80 <0.0001 
Adult vs old juveniles -1.5 0.46 -3.16 <0.01 
Adult vs young 
juveniles 
-2.10 0.66 -3.19 <0.01 
Hot dry vs cool dry  0.09 0.27 0.32 0.75 
Hot dry vs rainy  -0.88 0.24 -3.61 <0.001 
Old juveniles*cool dry 0.48 0.70 0.68 0.50 
Young juveniles*cool 
dry 
-0.04 0.77 -0.05 0.96 
Old juveniles*rainy 0.50 0.60 0.83 0.41 
Young juveniles*rainy 0.43 0.82 0.53 0.60 
No significant interactions between age and seasonality were found 
 
 
 
Table 3.5. Energy intake (kJ/mbm) and helminth prevalence (%) of two groups of black howler 
monkeys (Alouatta pigra) across three different seasons at Escárcega, State of Campeche, 
Mexico 
Group  Rainy Cool dry Hot dry 
JK Energy 672.4 ± 353 500.2 ± 140 616.2 ± 249 
 Prevalence 46.2 66.7 86.8 
MN Energy 701.1 ± 342 538.6 ± 236 648.4 ± 285 
 Prevalence 42.6 75.0 72.1 
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Table 3.6. Results of the generalized linear mixed model for presence-absence of protozoan 
parasites affected by age and seasonality in resident black howler monkeys (Alouatta pigra) at 
Escárcega, State of Campeche, Mexico 
 Estimate Standard 
error 
z-value p-value 
Intercept -2.87 0.33 -8.8 <0.0001 
Adult vs old juveniles -0.60 0.50 -1.2 0.22 
Adult vs young 
juveniles 
-0.41 0.47 -0.89 0.37 
Hot dry vs cool dry  1.18 0.37 3.15 <0.01 
Hot dry vs rainy  1.43 0.36 3.97 <0.0001 
No significant interactions between age and seasonality were found 
 
 
Table 3.7. Results of the generalized linear mixed model for parasite species richness affected by 
age and seasonality in resident black howler monkeys (Alouatta pigra) at Escárcega, State of 
Campeche, Mexico 
 Estimate Standard 
error 
z-value p-value 
Intercept 0.17 0.08 2.30 <0.05 
Adult vs old juveniles -0.60 0.24 -2.53 <0.05 
Adult vs young 
juveniles 
-1.11 0.42 -2.63 <0.01 
Hot dry vs cool dry  0.05 0.10 0.50 0.63 
Hot dry vs rainy  -0.12 0.10 -1.16 0.25 
Old juveniles*cool dry 0.13 0.37 0.35 0.73 
Young juveniles*cool 
dry 
0.26 0.50 0.52 0.60 
Old juveniles*rainy -0.06 0.36 -0.16 0.87 
Young juveniles*rainy -0.04 0.55 -0.06 0.95 
No significant interactions between age and seasonality were found 
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Figures 
 
 
 
Figure 3.1. Model of parasite infection in relation to age. Three age-parasite infection curves are shown: 
1) The Type I curve shows that parasite infection increases linearly with host age. 2) The Type II curve 
indicates that at early age parasite infection increases, but as individuals get older, infections reach an 
asymptote. 3) The Type III shows that parasite infection rates are increased in younger individuals and 
decreased in older hosts. Figure adapted from Wilson et al. 2002. 
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3.2a) 
 
3.2b) 
 
3.2c) 
 
Figure 3.2. Hypothesized effects of the interaction between seasonal nutritional stress and host age on 
parasite infection rates of black howler monkeys (Alouatta pigra). Parasite infections will be amplified 
during the cool dry (nortes) season (i.e., most stressful period characterized by limited energy intake) in 
the age category more susceptible to disease as predicted by the age-infection curve model.  
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Figure 3.3. Frequency of fecal samples containing multiple parasite infections in black howler monkeys 
(Alouatta pigra) across three age classes at Escárcega, State of Campeche, Mexico. 
  
0
5
10
15
20
25
30
35
40
45
Adults Old juveniles Young juveniles
P
e
rc
e
n
ta
ge
 o
f 
in
fe
ct
e
d
 s
am
p
le
s 
(%
)
Age class category
1 taxon
2 taxa
3 taxa
4 taxa
106 
 
 
Figure 3.4. Mean (SD) prevalence of helminth infection in black howler monkeys (Alouatta pigra) across 
age classes at Escárcega, State of Campeche, Mexico. Adults showed higher mean prevalence of helminth 
parasites than older and younger juveniles. Mean prevalence was not significantly different between older 
and younger juveniles.  
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a) 
 
b) 
 
Figure 3.5a, b. Helminth prevalence (%) across three seasons in black howler monkeys (Alouatta pigra) at 
Escárcega, State of Campeche, Mexico. Figure (a) shows the relationship between seasonal energy intake 
(kJ/mbm) and helminth prevalence of two study groups. Figure (b) shows the effects of seasonality on 
helminth prevalence of all study groups (n=7). Individuals showed a significant decrease in the proportion 
of infected samples during the rainy season compared to the cool dry and hot dry seasons. Helminth 
prevalence did not differ between the cool and hot dry seasons. Confident intervals (CI) are shown. 
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Figure 3.6. Mean (SD) prevalence of protozoan infection in black howler monkeys across age classes in 
black howler monkeys (Alouatta pigra) at Escárcega, State of Campeche, Mexico. Mean prevalence of 
protozoan parasites was not significantly different among adults, older juveniles, and younger juveniles. 
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a) 
 
b) 
 
Figure 3.7a, b. Protozoan prevalence (%) across three seasons in black howler monkeys (Alouatta pigra) 
at Escárcega, State of Campeche, Mexico. Figure (a) shows the relationship between seasonal energy 
intake (kJ/mbm) and protozoan prevalence of two study groups. Individuals showed a significant increase 
in the proportion of infected samples during the rainy season compared to the cool dry and hot dry 
seasons. Figure (b) shows the effects of seasonality on protozoan prevalence of all study groups (n=7). 
Protozoan prevalence was higher in the rainy season compared to the hot dry season. There were no 
differences between the rainy and cool dry seasons. Confident intervals (CI) are shown. 
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Figure 3.8. Mean (SD) parasite species richness in black howler monkeys (Alouatta pigra) across age 
classes at Escárcega, State of Campeche, Mexico. Adults showed higher parasite species richness 
compared to older and younger juveniles. Mean species richness was not significantly different between 
older and younger juveniles. 
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Figure 3.9. Relationship between monthly rainfall and helminth and protozoan prevalence in resident 
black howler monkeys (Alouatta pigra) at Escárcega, State of Campeche, Mexico.  
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CHAPTER 4 
EFFECTS OF REPRODUCTIVE CONDITION ON PARASITE INFECTION 
PATTERNS AND STRESS LEVELS IN FEMALE BLACK HOWLER MONKEYS 
(ALOUATTA PIGRA) 
 
Introduction 
Patterns of parasite infection in animal populations are shaped by factors associated with host 
sex, age, and reproductive condition (Wilson et al. 2002; Nunn & Altizer 2006; Plowright et al. 
2008). Several studies in humans have reported that during pregnancy, women are more 
susceptible to parasite infection than non-pregnant females (Vleugels et al. 1989; Roberts et al. 
1996; Jamieson et al. 2006; Mpairwe et al. 2014). This is most likely related to the physiological 
changes that females experience, including an increase in the production of estradiol, 
progesterone, and glucocorticoids that can alter immune function, resulting in increased 
susceptibility to infectious diseases (Henriquez et al. 2010; Robinson & Klein 2012). For 
example, during the last trimester of pregnancy, increased progesterone and estradiol inhibit the 
development and production of immune cells such as Th1 lymphocytes and macrophages (a type 
of white blood cells) that are necessary for control and clearance of intracellular pathogens (e.g., 
Plasmodium sp.) (Roberts et al. 1996; Jamieson et al. 2006). The inhibition of immune responses 
in pregnant females serves to reduce the likelihood that the fetus, which is recognized by the 
female body as a genetically foreign organism, will be aborted (Roberts et al. 1996; Robinson & 
Klein 2012). 
Although this physiological response serves to maintain pregnancy and avoid 
miscarrying, it also has the potential to increase a female’s susceptibility to infection caused by 
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viruses, bacteria, and parasites such as Leishmania spp., Toxoplasma spp., or Plasmodium spp. 
(Lloyd et al. 1983; Jamieson et al. 2006; Henriquez et al. 2010). For example, Morgan et al. 
(2007) report that pregnant women infected with cutaneous leishmaniasis, a disease caused by 
the protozoan parasite Leismania spp. that results in severe skin lesions, had ulcers that were 
three times larger compared to non-pregnant women. The course of infection of diseases such as 
leishmaniasis, toxoplasmosis, and malaria, is regulated by cell-mediated immunity through the 
actions of proinflammatory cells (e.g., cells that promote inflammation) including Th1 or NK 
cells. In this regard, the citotoxic activity (destructive action against pathogen-infected cells) of 
natural killer (NK) immune cells against Plasmodium-infected cells was reduced by ~30% in 
infected pregnant women compared to infected non-pregnant women (Bouyou-Akotet et al. 
2004).  
The effects of reproductive condition on susceptibility to parasitic infection also has been 
documented in non-human primates such as Sanje mangabeys (Cercocebus sanjei, McCabe 
2012), mandrills (Mandrillus sphinx, Setchell et al. 2007), and chimpanzees (Pan troglodytes 
verus, DeNys et al. 2014), and wild rodents (voles, Winternitz et al. 2012) and domesticated 
animals (dogs, Lloyd et al. 1983; Merino sheep, Beasley et al. 2010). In a study of Plasmodium 
spp. (malaria causative agent) infections in western chimpanzees, De Nys et al. (2014) found that 
the probability of malaria infection among females increased with the gestational age, indicating 
that female chimpanzees were more susceptible to malaria in the final trimester of pregnancy. 
Similarly, McCabe (2012) found that the prevalence of the intestinal parasite Necator spp. 
increased by 70% from early pregnancy to late pregnancy in Sanje mangabeys (early pregnant= 
29.4%; late pregnant= 50.0%). In contrast, Hausfater and Watson (1976) found that cycling 
female yellow baboons (Papio cynocephalus) infected with Trichuris spp. and Thrichostrongylus 
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spp. shed more parasite eggs/gram (i.e., an index of parasite intensity) than lactating and 
pregnant baboons, suggesting that in some cases increased infection rates are not necessarily 
skewed towards gravid or lactating females. Experimental studies, however, have clearly shown 
that late pregnancy and lactation can be periods of highest risk of intestinal parasitic infections. 
Beasley et al. (2010) conducted an experiment in which non-pregnant, pregnant, and lactating 
Merino sheep were infected with the helminth Trichostrongylus colubriformis. Parasite intensity 
(worm counts) increased by ~3-fold and >100-fold, and mean blood eosinophil (a type of white 
blood cell that acts against parasites) concentrations declined by ~50% and ~70% in pregnant 
and early lactating individuals compared to non-pregnant animals, supporting the idea that the 
immune system is suppressed during different phases of pregnancy and lactation.  
However, it remains unclear whether female reproductive condition per se is a modifying 
factor that increases susceptibility to gastrointestinal parasitic infections across non-human 
primate populations, or if factors such as chronic physiological stress associated with the 
increased energetic demands during reproduction reduce immune function, increasing parasite 
infection risk in females. During pregnancy and lactation females experience the greatest 
increase in energetic demands due to costs related to increased maternal and fetal tissue mass and 
milk production (Wade & Schneider 1992; Gittleman & Thompson 1988; Dufour & Sauther 
2002). Studies indicate that energy requirements (measured as calorie consumption) can increase 
up to 30% during gestation and >100% during lactation in rodents or marine mammals (Millar 
1978; Costa et al. 1986; Gittleman & Thompson 1988). In the case of humans, however, the 
energetic costs of pregnancy and lactation are estimated to increase approximately by only 10% 
and 26%, respectively (Dufour & Sauther 2002), and in non-human primates such as thick-tailed 
galagos (Otolemur crassicaudatus) and yellow baboons (P. cynocephalus), these values are 
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estimated to range from 3.0 - 6.5% to ~30% (NRC 2003). Although the energetic costs of 
reproduction in primates may be less severe than that reported in certain other mammals 
(Gittleman & Thompson 1988; Dufour & Sauther 2002; Hinde & Milligan 2011), maintaining 
the metabolic requirements during pregnancy and extended lactation may exposure females to a 
prolonged physiological stress response (Emery Thompson et al. 2010; Michel et al. 2011; 
Foerster et al. 2012).  
Stressors are noxious physical (e.g., malnutrition) or psychosocial (e.g., social 
subordination) stimuli that result in changes in endocrine function and physiology including 
increased blood pressure, glucose, and lipid levels (Chrousos & Gold 1992; McEwen 2002; 
Gesquiere et al. 2011). During the stress response, glucocorticoid hormones (a class of steroids) 
are released from the adrenal cortex through activation of the hypothalamic-pituitary-adrenal 
(HPA) axis. Increased production of glucocorticoids helps the body mobilize and increase energy 
from body reserves (i.e., stimulates glucose formation from muscle or tissue) (Sapolsky 2002; 
Anestis 2010). In the short term (i.e., acute stress response lasting from minutes to hours), this 
response is beneficial in increasing energy available for metabolism, and brain and body function 
(McEwen 2002). However, prolonged exposure to socially, environmentally, and physiologically 
stressful situations (i.e., chronic stress response repeated over days, weeks, or months) can 
inhibit the production of immune cells (e.g. lymphocytes such as T-cells and antibodies) that 
function in defense against viral, bacterial, and parasitic infections (Segerstrom & Miller 2004; 
Webster Marketon & Glaser 2008). In this regard, Gordon et al. (1992) found that rhesus 
macaques (Macaca mulatta) that were subject to chronic psychosocial stress in the form of 
isolation (separation from their groups) over an 11 week period, showed a 40% increase in 
cortisol (the main glucocorticoid excreted by primates) and ~70% decrease in T-cell production. 
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Moreover, positive correlations between glucocorticoid levels and blood and gastrointestinal 
parasite intensity and richness have been found in human and non-human primates, as well as 
rodents (Vleugels et al. 1989; Bouyou-Akotet et al. 2005; Muehlenbein 2006; Pedersen & 
Greives 2008), indicating a direct relationship between endocrine changes and increased parasitic 
infection rates.  
Therefore, in this chapter, I explore the manner in which gastrointestinal parasite 
infection patterns (i.e., parasite prevalence and species richness) are affected by the reproductive 
condition in wild female black howler monkeys (Alouatta pigra). I also examine evidence of a 
causal relationship between chronic stress levels, measured through fecal glucocorticoid 
concentrations, and parasitic infection. The main questions addressed in this chapter are: 1) Do 
pregnant and lactating females have higher parasite prevalence and higher parasite species 
richness than non-pregnant females? 2) Do pregnant and lactating females experience higher 
chronic physiological stress compared to non-pregnant females? And 3) Do females 
experiencing increased chronic physiological stress have higher parasite infection rates? At 
present, there is limited information about the effects of female reproductive states on parasite 
infection rates in this primate species. The following hypotheses are tested: 
 
H1) The reproductive condition of female howler monkeys affects their susceptibility to 
parasite infection.  
Studies in humans (Roberts et al. 1996; Bouyou-Akotet et al. 2004), non-human primates 
(McCabe 2012, De Nys et al. 2014), and domesticated animals (Lloyd et al. 1983; Lloyd 1995; 
Beasley et al. 2010) indicate that during pregnancy and the first weeks of lactation, females are 
more susceptible to parasite infection than are non-pregnant females and females during later 
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stages of lactation. Thus, during late pregnancy and early laction female black howlers are 
expected to exhibit a higher prevalence and richness of gastrointestinal parasites compared to 
non-pregnant females, females in their first trimester of pregnancy, and females in late lactation. 
 
H2) Pregnancy and lactation are associated with changes in physiological stress in female 
howler monkeys. 
Given that during late pregnancy and early lactation females experience significantly increased 
energetic demands due to costs associated with increased maternal and fetal tissue mass and milk 
production (Dufour & Sauther 2002), these reproductive stages are assumed to result in a chronic 
physiological stress response (e.g., Emery Thompson et al. 2010). Therefore, late pregnant and 
early lactating females are expected to show an increase in fecal glucocorticoid metabolite levels 
(i.e., chronic stress index) compared to non-pregnant females, females in the first trimester of 
pregnancy or females in the latter stages of lactation. 
 
H3) Females that exhibit evidence of increased physiological stress have higher parasite 
infection rates. 
Given that stressful events can result in temporal inhibition and reduction of immune cell 
action/production increasing susceptibility to parasitic infection (Gordon et al. 1992; Coe 1993; 
Cole et al. 2009), I expect that during the last trimester of pregnancy and the first month of 
lactation (periods in which the immune system is more compromised [Lloyd 1995]) howler 
females exhibit a positive relationship between increased fecal glucocorticoid concentrations 
(indicators of stress) and higher parasite prevalence and species richness compared to non-
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pregnant females, females in their first trimester of pregnancy, and females nursing infants older 
than 1 month of age. 
 
Methods 
Study site 
This study was conducted in five fragments of tropical deciduous forest in the municipality of 
Escárcega, State of Campeche, Mexico (18°16’N, 90°43’W). These forest fragments differed in 
degrees of disturbance, ranging from a large forest fragment (2,137 ha) characterized by 
continuous canopy, limited human presence, and absence of cattle ranching and agriculture 
practices to small forest fragments (range= ~2 - 9 ha) characterized by smaller tree basal area 
(small fragments: 53.6 ± 7.1 m
2
/ha vs large fragment: 73.5 ± 12.9 m
2
/ha), lower tree density 
(small fragments: 785.1±121.4 trees/ha vs large fragment: 863.8 ± 145.9 trees/ha), lower tree 
species diversity (Shannon species diversity index= small fragments: 2.04 ± 0.4 vs large 
fragment: 2.4 ± 0.1), and affected by higher levels of cattle ranching and expanding agriculture 
(Table 4.1). The largest fragment has been protected for more than 40 years by the Mexican 
Institute of Forestry (INIFAP). The small forest fragments have not received protection from 
Mexican environmental authorities. The distance between the two nearest forest fragments was < 
1km and the distance between the most distant fragments was 13 km. Mean annual temperature 
is 26.5°C and total annual precipitation is 1380 mm (CONAGUA 2011).  
 
Study Subjects 
Fifteen adult female black howlers belonging to seven social groups were monitored from 
February 2011 to February 2012. Three groups (JK, MN, and BS) inhabited the large forest 
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fragment, and the other four groups (FE, PD, CN, and CH) each inhabited a different forest 
fragment (Table 4.1). Average group size was 7.6 ± 3.0 individuals. Each group had two adult 
females with exception of group CH which had three adult females (Table 4.1). Females were 
classified as adults based on size (i.e., fully grown individuals >40-month old, Di Fiore et al. 
2011) and were individually recognized by body features such as scars, broken fingers, and by 
color-coded anklets in the case of three individuals. Individuals with anklets were darted and 
marked in August 2010, six months prior to the start of this investigation. 
 
Reproductive state classification  
Adult female howler monkeys were classified into five reproductive conditions: non-pregnant, 
early pregnant, late pregnant, early lactating, and late lactating. Early pregnancy was defined as 
the first three months of pregnancy. Late pregnancy was defined as the second three months of 
pregnancy to the time of parturition. Gestation length for Alouatta spp. has been estimated to be 
180 - 190 days (Di Fiore et al. 2011), thus, the start of pregnancy was calculated by subtracting 
the previous six months (~180 days) from parturition. Females were classified as early lactating 
when they were in the first month of lactation. This 4-week lactation period was chosen because 
it is the stage when temporal post-partum immune inhibition most likely occurs (Lloyd 1995). 
Late lactation was defined as the period from the second month of lactation until infants stopped 
suckling (i.e., 8 - 12 months, Domingo Balcells & Vea Baró 2009; Dias et al. 2011). In A. pigra, 
the interbirth interval is estimated to be 15.5 months (Dias et al. 2011), and the ovarian cycle 
length is 18.3 days (Van Belle et al. 2009). Females were classified as “non-pregnant and non-
lactating” when they did not show apparent signs of being pregnant (e.g., increased body mass), 
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were not lactating, and were confirmed to remain in either of these conditions for a period of at 
least six months based on our observations. 
 
Sampling 
Each group of howler monkeys was followed from approximately 0600 to 1800 hours at least 
twice per month during the a 13 month period (February 2011 to February 2012). This resulted 
in 1097.5 hours of observation. A total of 258 fresh fecal samples were collected non-invasively 
from recognized adult females (mean (± SD)= 17.2 ± 4 fecal samples per individual, range= 6 - 
23). Immediately after each fecal deposition, approximately 5 g of thoroughly mixed feces were 
collected in 20mL tubes and temporarily stored in a cooler with frozen gel packs. The samples 
were transported to the field laboratory at Escárcega, Mexico and stored for 3 - 5 days in a 
domestic freezer until glucocorticoid metabolites were extracted from the feces. Another 3 g of 
feces of each sample were collected for parasitological analysis. These samples were fixed in 
10% buffered-formalin solution and kept in a domestic refrigerator until shipped to Dr. Thomas 
Gillespie’s laboratory at Emory University for analysis. Each tube containing samples was 
labeled with the individual’s ID, hour and date of collection. Fecal samples fixed in formalin 
were transported to the United States following regulations of Mexican (SAGARPA) and US 
(CDC) authorities. 
 
Extraction and analysis of fecal glucocorticoid metabolites 
In the field laboratory at Escárcega, Mexico, glucocorticoid metabolites were extracted from the 
feces following the technique reported in Palme et al. (2013). For each fecal sample (0.5 g wet 
weight), 5 ml of 80% methanol were added. This suspension was vortex-mixed for 10 min, and 
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then centrifuged at 1600 g for 20 min. After this, 1 ml of the supernatant (i.e., hormone extract) 
was diluted in 9 ml of distilled water. This 10 ml diluted extract was passed slowly through a 
solid-phase extraction (SPE) cartridge (MaxiClean Prevail C18 SPE Cartridges Alltech®). SPE 
cartridges were air-dried after loaded with the hormone extracts and stored in a refrigerator until 
they were transported to the Department of Biomedical Sciences at the University of Veterinary 
Medicine, Vienna, Austria for analyses.   
 At the University of Veterinary Medicine, Vienna, the hormone extracts were eluted from 
the SPE cartridges using methanol. Concentrations of fecal glucocorticoid metabolites were 
measured with a group specific 11-oxoetiocholanolone enzyme-immunoassay that quantifies 
glucocorticoid metabolites with a 5β-3α-ol-11-one structure (Möstl et al. 2002). This enzyme-
immunoassay has been successfully validated to monitor adrenocortical activity in black howler 
monkeys (Martínez-Mota et al. 2008). Sensitivity was 5 ng/g. Intra- and inter-assay coefficient of 
variation for a high and low concentration pool sample was 2.6% and 2.9% (intra), and 9.7% and 
12.5% (inter), respectively. Concentrations are reported in ng/g wet weight. 
 
Parasitological analysis  
Helminth eggs, larvae, and protozoan cysts were recovered using flotation (e.g., NaNO3 solution) 
and fecal sedimentation techniques (see Gillespie 2006 for a full description of the technique). 
One slide per fecal sample was systematically scanned using a compound microscope. Parasite 
eggs and cysts were counted under the 10× objective lens and measured under the 40× objective 
lens to the nearest 0.1 μm with an ocular micrometer. One drop of Lugol’s iodine solution was 
added to facilitate identification. Photographs of representatives were taken and used in the 
identification of parasite taxa. Counts of helminth eggs and protozoan cysts were used for 
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determining parasite prevalence and richness as measures of parasitic infection. Parasite 
prevalence was defined as the proportion of fecal samples infected with at least one parasite 
taxon (Bush et al. 1997). Parasite species richness was defined as the number of parasite taxa 
found in each fecal sample (Bush et al. 1997). 
 
Data analysis 
The effects of the female reproductive condition on parasite prevalence, parasite species 
richness, and fecal glucocorticoid metabolite levels were analyzed with generalized linear mixed-
effects models (GLMMs). In each model, female reproductive state was considered as the 
predictor variable (fixed effect) with five levels (i.e., non-pregnant, early pregnant, late pregnant, 
early lactation, and late lactation). 1) To analyze if reproduction affected parasite prevalence, a 0 
- 1 response variable in which 0 represented non-infected (i.e., absence) and 1 represented 
infected samples (i.e., presence) was created. The presence-absence of gastrointestinal parasites 
was analyzed using the binomial link function (Crawley 2007). 2) Similarly, the effects of female 
reproductive state on parasite species richness were analyzed with a GLMM using the Poisson 
link function (Crawley 2007). In this analysis the response variable was the number of parasite 
taxa found in each female’s fecal sample (Bush et al. 1997). 3) Finally, the effects of different 
reproductive states on fecal glucocorticoid levels also were analyzed with a GLMM using the 
identity link function (Crawley 2007). Fecal glucocorticoid data were log-transformed before 
being used as the response variable. Two hundred and fifty-eight samples were used in the 
statistical analyses (non-pregnant n= 123, early pregnant n= 39, late pregnant n= 38, early 
lactation n= 18, late lactation n= 40). 
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Given that fecal samples were collected from the same females followed overtime, in all 
analyses the individual ID was set as a random factor to control for temporal pseudoreplication 
(Crawley 2007). In order to determine the contribution of each model to explain the data, I 
compared with a likelihood ratio test the fit of the full model (i.e., model with the predictor 
variable) against a null model that included only the intercept. All analyses were run using the 
package lme4 in the R statistical software (version 2.15.1). In the case of fecal glucocorticoid 
data, I also ran a multiple comparison test to detect significant differences among levels of the 
predictor variable using the package lmerTest in R. In all analyses a p-value of ≤ 0.05 was 
considered to represent a significant difference.  
 
Legal permits 
This study complied with the legal requirements of Mexico (SEMARNAT- DGVS/09084/10), 
was approved by the Institutional Animal Care and Use Committee (IACUC) of University of 
Illinois at Urbana-Champaign (protocol #10054), and complied with the American Society of 
Primatologists Principles for the Ethical Treatment of Primates. 
 
Results 
Over 13 months of study, data on parasite infection, stress hormones and reproductive condition 
were recorded on 15 adult female black howler monkeys. Table 4.2 shows the reproductive 
condition of each female. Eight out of 15 females were observed experiencing all five 
reproductive states (i.e., non-pregnant, early pregnant, late pregnant, early lactation, and late 
lactation). Fecal samples and behavioral data for one female (ID: Borr, see Table 4.2) were 
recorded only during late lactation (she had a ~2 - 3 month offspring at the beginning of the 
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study). This female disappeared after four months of data collection, but her infant remained in 
the group. Five females were recorded as non-pregnant, given that they neither give birth nor 
lactated during the study (Table 4.2). Fifteen births were recorded during the study period (2011-
2012), and one birth occurred in August 2010 when the study animals were darted and marked. 
The distribution of births encompasses the period from October to February (Figure 4.1). This 
five month period coincided with the cool dry (“nortes”) and hot dry seasons. 
 
Effects of reproductive condition on parasite prevalence and species richness 
Five parasite morphotypes were found in 258 fecal samples collected from adult female howlers. 
In total, 74.0% of the fecal samples contained at least one parasite. These parasites were 
represented by four helminths including two nematode taxa (Trypanoxyuris minutus and 
Parabronema spp.) and two trematode taxa (Controrchis biliophilus and an unidentified 
trematode referred to as Trematode I). The presence of a protozoan taxon (Entamoeba spp.) also 
was recorded. The proportion of samples infected with these parasites was as follows: T. 
minutus= 7.7%, Parabronema sp.= 0.7%, C. biliophilus= 49.2%, Trematode I= 34.4%, and 
Entamoeba sp.= 14.7%. 
Based on generalized mixed-effects models, I found that the reproductive condition of 
female black howler monkeys did not have a significant effect on the overall prevalence of 
gastrointestinal parasites (i.e., proportion of infected samples) (Table 4.3). Figure 4.2 shows that, 
for each female, the proportion of infected samples did not differ across reproductive states. 
Parasite prevalence was similar among non-pregnant (74.8%), pregnant (early pregnant= 61.5%; 
late pregnant= 78.9%), and lactating (early lactating= 88.9%; late lactating= 72.5%) females 
(Table 4.4). Similar results were found when analyzing parasite taxa separately (Table 4.3). For 
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example, the prevalence of the parasite T. minutus was 6.5% in non-pregnant females, 5.1 - 7.9% 
in pregnant females, and 10.0 - 16.7% in lactating females (Table 4.4). Infection prevalence with 
Trematode I was 32.5% in non-pregnant females, 25.6 - 44.7% in pregnant females, and 27.8 - 
42.5% in lactating females. Also, the prevalence of Entamoeba sp. did not differ in females 
across reproductive conditions (non-pregnant= 18.7%; pregnant= 12.8 - 13.2%; lactating=5.6 - 
10.0%). However, the prevalence of the parasite C. biliophilus showed significantly greater 
variation in females during the first month of lactation (77.8%; β= 1.3, SE= 0.64, z-value= 2.0, 
p= 0.04; Table 4.3) compared to non-pregnant females (49.6%), pregnant females (35.9 - 
52.6%), and females in late lactation (45.0%). This suggests that some parasites may be more 
sensitive to changes in the host’s reproductive condition than others. 
In general, female howler monkeys showed a low parasite species richness (i.e., number 
of parasite taxa per fecal sample) across all phases of reproduction. In the 258 fecal samples, 
species richness per sample averaged 1.07 ± 0.8 (range= 0 - 3) parasite taxa. Forty-five percent 
of the samples were infected with one parasite taxon, 23.2% were infected with two taxa, only 
5.0% of the samples contained 3 taxa, and 25.9% of the samples showed no signs of parasite 
infection. Moreover, the GLMM analysis indicated that the reproductive condition of female 
black howler monkeys did not have significant effects on parasite species richness (Table 4.5). 
For example, the mean number of parasite taxa hosted by non-pregnant females was 1.08 ± 0.07 
taxa. Pregnant and lactating females showed similar mean species richness (pregnant= 0.82 ± 
0.12 - 1.18 ± 0.13 taxa; lactating= 1.10 ± 0.14 - 1.30 ± 0.17 taxa, Table 4.4). Figure 4.3 indicates 
that the mean number of parasite taxa hosted by each female across different reproductive stages 
was not significantly different. Overall, these data indicate that in this population of black howler 
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monkeys, parasite infection patterns (in the form of prevalence and species richness) were not 
affected by female reproductive condition. 
 
Effects of reproductive condition on fecal glucocorticoid levels 
I found, however, that the reproductive condition of female black howlers had a significant effect 
on fecal glucocorticoid metabolite levels (Table 4.6). Fecal glucocorticoids increased over the 
course of pregnancy, reaching a peak during late pregnancy and early lactation (Table 4.1, Figure 
4.4). For example, during the first three months of pregnancy, fecal glucocorticoid 
concentrations increased by a factor of 1.7 compared to non-pregnant females (mean (SE)= 870 
± 136 ng/g vs 493.9 ± 66 ng/g). However, glucocorticoid concentrations were 3-fold higher in 
females during late pregnancy (i.e., the period that encompasses the second half of pregnancy to 
the time of giving birth; mean (SE)= 2063.6 ± 238 ng/g) and the first month of lactation (mean 
(SE)= 2115.8 ± 440 ng/g) compared to non-pregnant females (mean (SE)= 493.9 ± 66 ng/g) and 
females during late lactation (mean (SE)= 546.5 ± 99 ng/g) (multiple comparison late pregnant 
vs non-pregnant: β= -1.5, SE= 0.23, t-value= -6.4, p<0.0001; multiple comparison early lactating 
vs non-pregnant: β= -1.4, SE= 0.30, t-value= -4.4, p<0.0001; multiple comparison late pregnant 
vs late lactating: β= -1.4, SE= 0.25, t-value= -5.5, p<0.0001; multiple comparison early lactating 
vs late lactating: β= 1.2, SE= 0.31, t-value= 3.9, p<0.0001, Figure 4.4). Black howler monkey 
females did not show significant differences in fecal glucocorticoids during early pregnancy 
compared to females during late lactation (mean (SE)= 870 ± 136 ng/g vs 546.5 ± 99 ng/g; 
Figure 4.4). Similarly, there were no significant differences in fecal glucocorticoid 
concentrations between non-pregnant females and females during late lactation (mean (SE)= 
493.9 ± 66 ng/g vs 546.5 ± 99 ng/g; Figure 4.4). Overall, these data suggest that the female 
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reproductive condition of black howler monkeys activates the hypothalamic-pituitary-adrenal 
axis, resulting in a prolonged period of glucocorticoid production, specifically during late 
gestation and early lactation.  
 
Effects of fecal glucocorticoid levels on parasite species richness and parasite prevalence 
A generalized linear mixed-effects model revealed that fecal glucocorticoid levels did not have a 
significant effect on parasite species richness (β= 0.00006, SE= 0.00005, z-value= 1.3, p= 0.18) 
in female black howlers. For example, the number of parasite taxa found in female samples 
ranged from 0 to 3. However, fecal glucocorticoid levels were similar in females having no 
parasite infections, females harboring one taxon, two taxa, and three taxa (0 taxon= 418.5 ng/g; 1 
taxon= 438.0 ng/g; 2 taxa= 579.0 ng/g; 3 taxa= 457.0 ng/g; Figure 4.5).  
Similarly, fecal glucocorticoids did not have a significant effect on gastrointestinal 
parasite prevalence (β= 0.00019, SE= 0.00015, z-value= 1.2, p= 0.22). This trend held even 
when the effects of glucocorticoids on each parasite taxon were analyzed separately. Fecal 
glucocorticoid concentrations did not have a significant effect on the prevalence of 
Trypanoxyuris minutus (z-value= 1.7, p= 0.07), Trematode I (an unidentified parasite) (z-value= 
0.38, p= 0.70), and Entamoeba spp. (z-value= -0.19, p= 0.84). However, fecal glucocorticoids 
significantly predicted the probability of being infected with the parasite Controrchis biliophilus 
(β= 0.00034, SE= 0.00013, z-value= 2.5, p= 0.012). As shown in Figure 4.6, the proportion of 
fecal samples infected with C. biliophilus was higher than non-infected samples in females 
showing increased fecal glucocorticoid concentrations. Conthrorchis biliophilus is a parasite 
indirectly transmitted by arthropods (e.g., ants are an intermediate host) (Kowalzik et al. 2010); 
however, it remains unclear how these parasites affect howler health (Vitazkova & Wade 2012). 
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Finally, despite the fact that glucocorticoids predicted the probability of infection of C. 
biliophilus, overall these data (e.g., data on parasite species richness, data on overall prevalence, 
and prevalence of three other parasite taxa) indicate that females showing increased fecal 
glucocorticoid levels did not have higher rates of gastrointestinal parasite infection than females 
characterized by low glucocorticoid levels. 
 
Discussion 
Research on wildlife disease ecology indicates that patterns of parasite infection in wild animal 
populations, including non-human primates, can be driven by host reproductive physiology 
(Wilson et al. 2002; Nunn & Altizer 2006). In the present research, I examined whether the 
reproductive condition of wild female black howler monkeys was correlated with susceptibility 
to gastrointestinal parasitic infection and elevated glucocorticoid levels. The results indicated 
that the reproductive condition of A. pigra females did not have a significant effect on parasite 
prevalence and parasite species richness. However, fecal glucocorticoids concentrations, an 
indicator of a physiological stress response, significantly increased during pregnancy and the 
first month of lactation, indicating that the final months of gestation and the initial month of 
lactation led to endocrine changes resulting in increased adrenocortical activity (i.e., activation of 
the hypothalamic-pituitary-adrenal axis). Despite the fact that black howler females showed a 
significant increase in glucocorticoid concentrations during late pregnancy and early lactation, 
parasite infection rates in these individuals were not affected, suggesting that this change in 
endocrine function during reproduction did not negatively affect female howler health and 
fitness. 
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Female reproduction and parasite infection rates 
Although previous research on humans and on wild and domesticated animals (e.g., sheep, dogs) 
indicated that late pregnant and early lactating females are at increased risk of parasitic infection 
due to a short-term inhibition of the immune system (Lloyd et al. 1983; Festa-Bianchet 1989; 
Beasley et al. 2010; Jamieson et al. 2006), in this research, pregnant and lactating black howler 
monkeys did not have increased intestinal parasite infection rates compared to non-pregnant 
females. Similar results were found in a study of olive baboons (Papio anubis) at Gombe 
National Park, Tanzania. In this case, the reproductive condition of females did not have a 
significant effect on the prevalence of Schistosoma mansoni, an intestinal parasite that cause 
schistosomiasis (Muller-Graf et al. 1997). The lack of significant differences in parasite 
prevalence and species richness between female black howlers during non-reproductive and 
reproductive periods, and the fact that female howlers had low multiple intestinal infections (e.g., 
species richness in non-pregnant: 1.08 ± 0.07; early pregnant: 0.82 ± 0.12, late pregnant: 1.18 ± 
0.13, Table 4.4), suggest that female howlers can mount effective immune responses that control 
and limit intestinal parasitic infections across different reproductive states. Alternatively, it is 
possible that this howler population, inhabiting forest fragments at Escárcega, has limited 
exposure to intestinal parasites due to a reduction in the parasite community driven by habitat 
fragmentation.  
The gastrointestinal parasites found in the female howlers were Trypanoxyuris minutus 
(Oxyuridae), Controrchis biliophilus (Dicrocoeliidae), an unidentified trematode from the 
Dicrocoeliidae family, and Entamoeba spp (Entamoebidae). These parasites have been 
commonly reported in short-term parasitological surveys conducted on other A. pigra 
populations inhabiting evergreen and deciduous forests in Mexico and Belize (Stoner & 
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González Di Pierro 2006; Vitazkova & Wade 2007; Trejo-Macías et al. 2007; Trejo-Macías & 
Estrada 2012). Trypanoxyuris minutus is a species of directly-transmitted nematode that live in 
the colon of its host. These parasites infect howlers through accidental ingestion of infective 
stages (eggs and larvae) that are either deposited in the perianal region of hosts or in feces-
contaminated food items (Bush et al. 2001). Controrchis biliophilus are trematodes that inhabit 
the gall bladder and bile ducts of their hosts (Pastor-Nieto 2015). These parasites use 
intermediate hosts (possibly ants) and a definitive host (e.g., howler monkey) (Kowalzik et al. 
2010). It is assumed that howlers are infected with C. biliophilus through consumption of the 
intermediate host (Kowalzik et al. 2010). Entamoeba spp. are protozoan parasites that inhabit the 
large intestine of their hosts. The infective cysts are excreted in the host’s feces contaminating 
different substrates such as soil, water, and vegetation (Ximénez et al. 2011). Infection with 
excreted Entamoeba cysts occurs when the host (e.g., black howlers) ingests fecally 
contaminated food and water. While T. minutus and Entamoeba spp. are considered non-
pathogenic parasites (Bush et al. 2001), representing no serious threat for female howler health, 
it is still unknown whether C. biliophilus can cause a pathology in howler hosts (Kowalzik et al. 
2010; Pastor-Nieto 2015).  
Few studies have explored the variation in enteric parasite infection risk in relation to 
female non-human primate reproduction (Nunn & Altizer 2006). In the present study, the 
prevalence of most parasite taxa was not affected by the female reproductive condition. The 
primary exception was Controrchis biliophilus, which was the most prevalent taxon among all 
parasites found in howler females, and showed the highest prevalence among females during 
their first month of lactation. A similar trend was found in mantled howlers (A. palliata) in Santa 
Rosa National Park, Costa Rica in which lactating female mantled howlers had higher C. 
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biliophilus prevalence compared to non-lactating females (Maldonado-López et al. 2014). 
However, the fact that other parasites did not show significant differences across reproductive 
stages in A. pigra, suggests that the increase in C. biliophilus prevalence in early lactating 
individuals was not related to suppression of the immune system. Based on the results of overall 
parasite prevalence, prevalence of each parasite type, and parasite species richness, I found that 
the reproductive condition of female black howler monkeys did not increase their susceptibility 
to gastrointestinal parasitic infection. 
 
Fecal glucocorticoids during female reproduction 
Pregnancy and in particular an extended period of lactation are considered the most energetically 
expensive phases of primate reproduction (Emery Thompson 2013). Therefore, I hypothesized 
that the increased energetic demands experienced by female howlers during these stages of 
reproduction should result in physiological responses consistent with chronic stress. I found that 
especially during the last three months of pregnancy, and during the first month of lactation, 
female howlers had significantly higher levels of fecal glucocorticoid metabolite concentrations 
(indicators of stress) compared to non-pregnant and late lactating females. The increased levels 
of fecal glucocorticoid metabolites during late pregnancy and early lactation (late pregnancy: 
2063 ± 238 ng/g, early lactation: 2115.8 ± 440 ng/g) are comparable to concentrations shown by 
black howler monkeys after being subject to an acute stress induced by handling and anesthesia 
(2019 ± 341ng/g, range: 1400 - 2859 ng/g, Martínez-Mota et al. 2008). These data indicate that 
during pregnancy, the hypothalamic-pituitary-adrenal axis in black howlers is activated in a 
similar way as during an acute stress response. These findings are partially supported by Van 
Belle (2015), who studied two groups of black howler monkeys at Palenque National Park, 
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Mexico. Based on data from five females, this author found that black howler females had 
significantly higher (~25% increase) fecal cortisol levels (i.e., a glucocorticoid) during lactation, 
but not during pregnancy or when cycling. In contrast, in the present research, fecal 
glucocorticoid concentrations were 3-fold higher in both late pregnant females and in females 
during the first month of lactation than in non-pregnant females. This pattern was present in each 
female (n=8) for whom repeated samples were collected across different reproductive phases 
(Figure 4.7). Discrepancies in magnitude and patterns between the present research and Van 
Belle’s study may be related to methodological differences. In this study I used group-specific 
enzyme-immunoassays specifically designed for quantification of glucocorticoid metabolites 
excreted in feces (Martínez-Mota et al. 2008; Palme et al. 2005, 2013). This method facilitates an 
accurate detection of fluctuations in howler’s adrenocortical activity (Palme et al. 2005; 
Heistermann et al. 2006). 
Given that the main function of glucocorticoids is to mobilize and increase energy (i.e., 
glucose levels) from body reserves during periods of physiological stress (Sapolsky 2002), 
elevated glucocorticoids shown by pregnant and lactating females are assumed to represent a 
mechanism to increase energy availability in response to increased energetic demands (Foerster 
et al. 2012; Van Belle 2015). However, female primates can rely on other different strategies to 
cope with the increased energetic costs of pregnancy and lactation, which include increasing 
feeding rates, decreasing physical activity (Dufour & Sauther 2002; Barret et al. 2006; Murray et 
al. 2009), and producing diluted milk with lower proportions of fat and protein (Hinde & 
Milligan 2011). For example, Dias et al. (2011) found that lactating black howler females 
increased their proportion of time spent feeding on fruits by ~50% (25.6% vs 16.4%) compared 
to non-lactating females. According to these authors, this enabled lactating females to increase 
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caloric intake. Moreover, recent studies indicate that female black howler monkeys rely on gut 
microbial communities characterized by higher fermentation efficiency and production of 
volatile fatty acids that help increase energy production during reproductive periods (Amato et 
al. 2014). Based on estimations of daily energy intake of four female black howler monkeys 
studied in this research, including one non-pregnant individual and three females which 
experienced pregnancy and lactation, it appears that total daily energy intake tends to increase 
from non-pregnant condition (608 ± 180 kJ/mbm) to lactation (727 ± 209 kJ/mbm), to pregnancy 
(816 ± 140 kJ/mbm) (Righini pers.com.). These data suggest that the reproductive condition of 
female howlers may direct patterns of energy consumption in an effort to avoid energetic 
physiological stress. Alternatively, it is possible that variation in glucocorticoid concentrations 
across different reproductive phases is primary related to the specific set of endocrine changes 
associated with female reproductive physiology (Dorr et al. 1989; Beehner et al. 2006) (see 
below).  
Estrogens (ovarian steroids), which in primates are maintained at high levels during 
gestation in order to allow embryo implantation and to maintain pregnancy (e.g., avoid 
miscarriage) (Albrecht et al. 2000; Beehner et al. 2006), also can result in elevated 
glucocorticoid levels (Pepe et al. 1982; Coe et al. 1986). Experimental studies in captive squirrel 
monkeys (Coe et al. 1986) and baboons (Pepe et al. 1982) have shown that the administration of 
estrogens stimulates cortisol production. Coe et al. (1986) found that during the first two months 
of pregnancy, captive female squirrel monkeys (Saimiri sciureus) exhibited a 12-fold increase in 
cortisol levels. These authors also administered estrogens to castrated male squirrel monkeys 
over a 3-month period and found that males increased their cortisol levels by ~2-fold, 
corroborating that estrogens have a direct positive effect on cortisol production. Furthermore, 
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studies in women and in free-ranging baboons also have shown that glucocorticoid levels 
increase with gestational age (Dorr et al. 1989; Beehner et al. 2006), supporting our results in 
howler monkeys. In a cross-sectional study of five groups of yellow baboons (P. cynocephalus) 
at Amboseli, Kenya, which involved 188 pregnancies recorded over five years, Beehner et al. 
(2006) found that fecal glucocorticoids were significantly higher during the second (increased by 
11.0%) and third (increased by 18.8%) trimesters of pregnancy compared to the first trimester of 
pregnancy. Estrogen levels in pregnant baboons also increased, reaching the highest levels 
during the third trimester (27-fold increase). Similar trends have been reported in studies of 
captive and free-ranging primates under a diverse set of social and ecological conditions (Table 
4.7). Increased glucocorticoid production during the last two trimesters of pregnancy has been 
associated with fetal development and the functional maturation of organs in the fetus, in 
particular, the lungs (Bolt et al. 2001). In this regard, Beehner et al. (2006: p.696) indicate that 
“pregnancy should be considered a physiological state in which increased glucocorticoids are of 
adaptive value”. Therefore, the increased glucocorticoid concentrations shown by pregnant black 
howler monkeys, rather than reflecting physiological stress due to an energetic deficit, may 
reflect normal endocrine activity experienced by human and non-human primates over the course 
of pregnancy.    
In this research I found that during the first month of lactation, females had 3 times 
higher fecal glucocorticoid concentrations compared to females during late lactation. If milk 
production results in increased energetic stress, then glucocorticoids levels should have remained 
elevated at least for 3 - 4 months post-partum, which is the period when nursing howlers use 
milk as their primary food source (Domingo Balcells & Vea Baró 2009). However, the fact that 
fecal glucocorticoid concentrations after the first month of lactation were similar to pre-pregnant 
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levels, suggests that the later periods of lactation did not represent an energetically stressful state 
for these female howlers. A plausible explanation is that elevated glucocorticoid concentrations 
found in the feces of females during their first month of lactation, reflect a lag effect of 
circulating glucocorticoids that had increased during late pregnancy and parturition. This delayed 
effect in increased steroid excretion also has been documented in female yellow baboons 1 - 2 
weeks post-partum (Altmann et al. 2004).  
Physiological studies indicate that after being released into the bloodstream, circulating 
glucocorticoids are metabolized by the liver and excreted as metabolites in the feces (Palme et al. 
2005). This process takes several hours depending on the species and usually correlates with gut 
retention time (Palme et al. 2005; Heistermann et al. 2006). Thus, fecal glucocorticoid metabolite 
levels reflect past episodes of adrenocortical activity accumulated over a time period of 1 - 3 
days (Palme et al. 2005). For example, Martínez-Mota et al. (2008) found that fecal 
glucocorticoid metabolite levels of captive male (n= 3) and female (one non-pregnant female) 
black howler monkeys increased from 2 to 13-fold after 24 - 96 hours of handling and anesthesia 
(i.e., acute stress). This period coincides with howler gut passage time that ranges from 23 - 30 to 
72 hours (Milton 1984). These data indicate that the effects of a specific short-term stressful 
event on glucocorticoid metabolite excretion in howler feces can last several days. Therefore, the 
increased fecal glucocorticoid concentrations present during the first month of lactation may 
reflect the chronic production of glucocorticoids during pregnancy and parturition. 
 
Effects of glucocorticoids on parasite infection 
Finally, it was hypothesized that female howlers that were more physiologically stressed would 
exhibit higher parasite infection rates. Although fecal glucocorticoid concentrations significantly 
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increased during late pregnancy and in the first month of lactation, and reached levels 
comparable to those recorded after an acute stress response (Martínez-Mota et al. 2008), 
increased glucocorticoids did not result in higher parasite infection rates. Therefore, Hypothesis 
3 was not supported. These results indicate that the prolonged activation of the HPA axis over 
the course of pregnancy, parturition, and the initial stages of lactation did not increase the 
susceptibility of female black howler monkeys to intestinal parasites. These findings agree with 
results found in studies of white-handed gibbons (Hylobates lar, Gillespie et al. 2013) and in 
black howler monkeys (Behie et al. 2014). Based on 221 fecal samples collected from 17 
individuals in four groups of black howlers in Belize, Behie et al. (2014) found no relationship 
between glucocorticoids and parasite prevalence. Unfortunately, these authors failed to provide 
information on the sex, age, and reproductive condition of group members, limiting the 
interpretation of their findings. However, experimental studies conducted in other mammals such 
as raccoons (Procyon lotor, Monello et al. 2010) and bighorn sheep (Ovis canadensis, Goldstein 
et al. 2005) show that changes in infection rates are not necessarily associated with changes in 
endocrine function. In these studies, free-ranging individuals were captured and subjected to a 
parasite-reduction treatment via application of antiparasitic drugs (i.e., ivermectin for intestinal 
parasites and Frontline Plus® for ectoparasites in raccoons [Monello et al. 2010]; the 
antihelminthic drug Panacur® in bighorn sheep [Goldstein et al. (2005)]). Despite a reduction in 
gastrointestinal parasites (50%) and ectoparasites (80%) in treated raccoons and in treated 
bighorn sheep (intestinal parasites reduced by 92%), fecal glucocorticoid levels in these 
individuals did not show a concomitant reduction. Results from these controlled experiments 
indicate that relationships between parasite infection and the production of stress hormones are 
physiologically complex, and that the simple notion that changes in hormone levels can directly 
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affect a parasite-host interaction, can lead to misunderstanding of the host’s physiological 
processes that regulate parasite infection patterns. 
In contrast, studies of other primates such as red colobus monkeys (Piliocolobus 
tephrosceles, Chapman et al. 2007) and eastern chimpanzees (P.t. schweinfurthii, Muehlenbein 
2006), and other vertebrates including frogs (Belden & Kiesecker 2005), and birds (Raouf et al. 
2006), have found a positive relationship between glucocorticoids and parasite infections. For 
example, in red colobus monkeys, Chapman et al. (2007) reported that an increase in the 
proportion of multiple intestinal parasite infections correlated with an increase in fecal cortisol 
(i.e, glucocorticoid hormone) excreted by colobus monkeys in the subsequent month. However, 
given that different short-term events (e.g., aggression, predation, group instability) can activate 
a stress response inducing adrenocortical activity that results in increased glucocorticoid 
production, it is unclear if the 1-month lag effect of cortisol in these individuals was directly 
associated with parasite infection or other stressors. Relatedly, Muehlenbein (2006) reported that 
fecal cortisol significantly correlated with parasite species richness in male chimpanzees, but 
only when fecal cortisol and testosterone (i.e., androgen hormone) were included together in a 
statistical model. Given that testosterone also can have immunosuppressive effects (Muehlenbein 
& Bribiescas 2006; Alexander et al. 2010), findings from Muehlenbein (2006) suggest that 
suppression of primate immune function may be exacerbated when glucocorticoids act 
synergistically with testosterone. Since female black howlers secrete lower amounts of 
testosterone than males (Rangel-Negrín et al. 2014), it is possible that females are less affected 
by the immunosuppressive effects of both hormones, resulting in a very limited relationship 
between glucocorticoids and parasite infection. Our results are highly conservative, indicating 
that even when glucocorticoid concentrations increased by several orders of magnitude due to 
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endocrine changes during reproduction, there were no measurable effects on susceptibility to 
parasitic infection or detrimental effects on female howler monkey health. 
 
Conclusions 
In this study, I found that reproductive condition did not affect the probability of parasitic 
infections in wild female black howler monkeys. The fact that parasite prevalence and parasite 
species richness were similar in pregnant, lactating, and non-pregnant females indicates that 
female black howlers are not immunologically compromised and more susceptible to 
gastrointestinal parasitic infection during reproduction. However, the reproductive condition of 
female howlers, especially during the second half of pregnancy, resulted in marked endocrine 
changes affecting adrenocortical activity. Although during late pregnancy and the first month of 
lactation fecal glucocorticoid metabolites increased to similar concentrations shown by black 
howlers after being subject to an acute stress response (Martínez-Mota et al. 2008), these 
physiological changes did not affect the female’s susceptibility to parasite infection. This 
suggests that endocrine changes associated with a physiological stress reaction do not necessarily 
result in a compromised immune response. Finally, increased glucocorticoids have been related 
to reduction of individual fitness (Bonier et al. 2009). For example, increased urinary cortisol 
levels during pregnancy were associated with increased abortion frequency in women 
(Nepomnaschy et al. 2006); and in female ring-tailed lemurs, elevated glucocorticoids positively 
predicted individual mortality rates (Pride 2005). However, results from the present research 
indicate that even when glucocorticoids increased by several orders of magnitude during 
gestation, this did not have considerable effects on female susceptibility to parasitic infection.  
  
139 
 
References 
 
Albrecht ED, Aberdeen GW, Pepe GJ. 2000. The role of estrogen in the maintenance of primate 
pregnancy. Am J Obstet Gynecol 182: 432-438. 
Alexander J, Irving K, Snider H, Satoskar A. 2010. Sex hormones and regulation of host 
responses  against parasites. In: Klein SL, Roberts CW, editors. Sex hormones and 
immunity to infection. New York: Springer. Pp. 147-186. 
Altmann J, Lynch JW, Nguyen N, Alberts SC, Gesquiere LR. 2004. Life-history correlates of 
steroid concentrations in wild peripartum baboons. Am J Primatol 64: 95-106. 
Amato KR, Leigh SR, Kent A, Mackie RI, Yeoman CJ, Stumpf  RM, Wilson BA, Nelson KE, 
White BA, Garber PA. 2014. The role of gut microbes in satisfying the nutritional 
demands of adult and juvenile wild, black howler monkeys (Alouatta pigra). Am J Phys 
Anthropol 155: 652-664. 
Anestis SF. 2010. Hormones and social behavior in primates. Evo Anthropol 19: 66-78. 
Bales KL, French JA, Hostetler CM, Dietz JM. 2005. Social and reproductive factors affecting 
cortisol levels in wild female golden lion tamarins (Leontopithecus rosalia). Am J 
Primatol 67: 25-35. 
Bardi M, Shimizu K, Barret GM, Borgognini-Tarli SM, Huffman MA. 2003. Peripartum cortisol 
and mother-infant interactions in Japanese macaques. Am J Phys Anthropol 120: 298-
304.  
Barrett L, Halliday J, Henzi SP. 2006. The ecology of motherhood: the structuring of lactation 
costs by chacma baboons. J Anim Ecol 75: 875- 886. 
Beasley AM, Kahn LP, Windon RG. 2010. The periparturient relaxation of immunity in Merino 
ewes infected with Trychostrongylus culubriformis: parasitological and immunological 
responses. Vet Parasitol 168: 60-70. 
Beehner JC, Nguyen N, Wango EO, Alberts SC, Altmann J. 2006. The endocrinology of 
pregnancy and fetal loss in wild baboons. Horm Behav 49: 688-699. 
Behie AM, Kutz S, Pavelka MS. 2014. Cascading effects of climate change: do hurricane-
damaged forests increase risk of exposure to parasites? Biotropica 46: 25-31. 
Belden LK, Kiesecker JM. 2005. Glucocorticoid hormone treatment of larval treefrogs increases 
infection by Alaria sp. trematode cercarie. J Parasitol 91: 686-688. 
Bolt RJ, van Weissenbruch MM, Lafeber HN, Delemarre-van de Waal HA. 2001. 
Glucocorticoids and lung development in the fetus and preterm infant. Pediatr Pulmonol 
32: 76-91. 
Bonier F, Martin PR, Moore IT, Wingfield JC. 2009. Do baseline glucocorticoids predict fitness? 
Trends Ecol Evol 24: 634-642. 
Bouyou-Akotet MK, Adegnika AA, Agnandji ST, Ngou-Milama E, Kombila M, Kremsner PG, 
Mavoungou E. 2005. Cortisol and susceptibility to malaria during pregnancy. Microb 
Infect 7: 1217-1223. 
Bouyou-Akotet MK, Issifou S, Meye JF, Kombila M, Ngou-Milama E, Luty AJF, Kremsner PG, 
Mavoungou E. 2004. Depressed natural killer cell cytotoxicity against Plasmodium 
falciparum-infected erythrocytes during the first pregnancies. Clin Infect Dis 38: 342-
347. 
Bush AO, Fernández JC, Esch GW, Seed JR. 2001. Parasitism. The diversity and ecology of 
animal parasites. Cambridge: Cambridge University Press. 
140 
 
Bush AO, Lafferty KD, Lotz JM, Shostak AW. 1997. Parasitology meets ecology on its own 
terms: Margolis et al. revisited. J Parasitol 84: 575-583. 
Carnegie SD, Fedigan LM, Ziegler TE. 2011. Social and environmental factors affecting fecal 
glucocorticoids in wild female capuchins (Cebus capucinus). Am J Primatol 73: 861-869. 
Chapman CA, Saj TL, Snaith TV. 2007. Temporal dynamics of nutrition, parasitism, and stress 
in colobus monkeys: implications for population regulation and conservation. Am J Phys 
Anthropol 134: 240-250. 
Chrousos GP, Gold PW. 1992. The concept of stress and stress system disorders. Overview of 
physical and behavioral homeostasis. J Am Med Assoc 267: 1244-1252. 
Coe CL. 1993. Psychosocial factors and immunity in non-human primates: a review. Psychosom 
Med 55: 298-308. 
Coe CL, Murai JT, Wiener SG, Levine S, Siiteri PK. 1986. Rapid cortisol and corticosteroid-
binding globulin responses during pregnancy and after estrogen administration in the 
squirrel monkey. Endocrinology 118: 435-440. 
Cole SW, Mendoza SP, Capitanio JP. 2009. Social stress desensitizes lymphocytes to regulation 
by endogenous glucocorticoids: insights from in vivo cell trafficking dynamics in rhesus 
macaques. Psychosom Med 71: 591-597. 
CONAGUA. 2011. www.conagua.gob.mx 
Costa DP, Le Boeuf BJ, Huntley AC, Ortiz CL. 1986. The energetics of lactation in the Northern 
elephant seal, Mirounga angustirostris. J Zool Lond 209: 21-33. 
Crawley MJ. 2007. The R book. UK: John Wiley & Sons, Ltd.  
De Nys HM, Calvignac-Spencer S, Boesch C, Dorny P, Wittig RM, Mundry R, Leendertz FH. 
2014. Malaria parasite detection increases during pregnancy in wild chimpanzees. Malar 
J 13: 413. 
Dias DPA, Rangel-Negrín A, Canales-Espinosa D. 2011. Effects of lactation on the time-budgets 
and foraging patterns of female black howlers (Alouatta pigra). Am J Phys Anthropol 
145: 137-146. 
Di Fiore A, Link A, Campbell CJ. 2011. The Atelines. Behavioral and socioecological diversity 
in a New World monkey radiation. In: Campbell CJ, Fuentes AF, MacKinnon KC, 
Bearder SK, Stumpf RM, editors. Primates in perspective, 2
nd
 edition. New York: Oxford 
University Press. Pp 155-188. 
Domingo Balcells C, Veà Baró JJ. 2009. Developmental stages in the howler monkey, 
subspecies Alouatta palliata mexicana: a new classification using age-sex categories. 
Neotrop Primates 16: 1-8. 
Dorr HG, Heller A, Versmold HT, Sippell WG, Herrmann M, Bidlingmaier F, Knorr D. 1989. 
Longitudinal study of progestins, mineralocorticoids, and glucocorticoids throughout 
human pregnancy. 68: 863-868. 
Dufour DL, Sauther ML. 2002. Comparative and evolutionary dimensions of the energetics of 
human pregnancy and lactation. Am J Hum Biol 14: 584-602. 
Emery Thompson M. 2013. Comparative reproductive energetics of human and nonhuman 
primates. Annu Rev Anthropol 42: 287-304. 
Emery Thompson M, Muller MN, Kahlenberg SM, Wrangham RW. 2010. Dynamics of social 
and energetic stress in wild chimpanzees. Horm Behav 58: 440-449.  
Festa-Bianchet M. 1989. Individual differences, parasites, and the costs of reproduction for 
bighorn ewes (Ovis canadensis). J Anim Ecol 58: 785-795. 
141 
 
Foerster S, Cords M, Monfort SL. 2012. Seasonal energetic stress in a tropical forest primate: 
proximate causes and evolutionary implications. PLoS ONE 7: e50108. 
Gesquiere LR, Learn NH, Simao MCM, Onyango PO, Alberts SC, Altmann J. 2011. Life at the 
top: rank and stress in wild male baboons. Science 333: 357-360. 
Gillespie TR. 2006. Noninvasive assessment of gastrointestinal parasite infections in free-
ranging primates. Int J Primatol 27: 1129-1143. 
Gillespie TR, Barelli C, Heistermann M. 2013. Effects of social status and stress on patterns of 
gastrointestinal parasitism in wild white-handed gibbons (Hylobates lar). Am J Phys 
Anthropol 150: 602-608. 
Gittleman JL, Thompson SD. 1988. Energy allocation in mammalian reproduction. Amer Zool 
28: 863-875. 
Goldstein EJ, Millspaugh JJ, Washburn BE, Brundige GC, Raedeke KJ. 2005. Relationships 
among fecal lungworm loads, fecal glucocorticoid metabolites, and lamb recruitment in 
free-ranging rocky mountain bighorn sheep. J Wildl Dis 41: 416–425. 
Gordon TP, Gust DA, Wilson ME, Ahmed-Ansari A, Brodie AR, McClure HM. 1992. Social 
separation and reunion affects immune system in juvenile rhesus monkeys. Physiol 
Behav  51: 467-472. 
Hausfater G, Watson DF. 1976. Social and reproductive correlates of parasite ova emissions by 
baboons. Nature 262: 688-689. 
Heistermann M, Palme R, Ganswindt A. 2006. Comparison of different enzymeimmunoassays 
for assessment of adrenocortical activity in primates based on fecal analysis. Am J 
Primatol 68: 257-273. 
Henriquez FL, Menzies FM, Roberts CW. 2010. Pregnancy and susceptibility to parasites. In: 
Klein SL, Roberts CW, editors. Sex hormones and immunity to infection. Berlin: 
Springer. Pp 227-256.  
Hinde K, Milligan LA. 2011. Primate milk: proximate mechanism and ultimate perspectives. 
Evol Anthropol 20: 9-23. 
Jamieson DJ, Theiler RN, Rasmussen SA. 2006. Emerging infections and pregnancy. Emer 
Infect Dis 12: 1638-1643. 
Kowalzik BK, Pavelka MSM, Kutz SJ, Behie A. 2010. Parasites, primates, and ant-plants: clues 
to the life cycle of Controrchis spp. in black howler monkeys (Alouatta pigra) in 
southern Belize. J Wildl Dis 46: 1330-1334. 
Lloyd S. 1995. Environmental influences on host immunity. In: Grenfell BT, Dobson AP, 
editors. Ecology of infectious diseases in natural populations. UK: Cambridge University 
Press. Pp 327-361. 
Lloyd S, Amerasinghe PH, Soulsby EJL. 1983. Periparturient immunosuppression in the bitch 
and its influence on infection with Toxocara canis. J Small Anim Pract 24: 237-247. 
Maldonado-López S, Maldonado-López Y, Gómez-Tagle A, Cuevas-Reyes P, Stoner KE. 2014. 
Patterns of infection by intestinal parasites in sympatric howler monkey (Alouatta 
palliata) and spider monkey (Ateles geoffroyi) populations in a tropical dry forest in 
Costa Rica. Primates 55: 383-392. 
Martínez-Mota R, Valdespino C, Rivera Rebolledo JA, Palme R. 2008. Determination of fecal 
glucocorticoid metabolites to evaluate stress response in Alouatta pigra. Int J Primatol 29: 
1365-1373. 
McCabe GM. 2012. Reproductive ecology of the Sanje mangabey in the Udzungwa mountains, 
Tanzania. Doctoral Dissertation Thesis. San Antonio, TX: The University of Texas. 
142 
 
McEwen BS. 2002. Sex, stress and the hippocampus: allostasis, allostatic load and the aging 
process. Neurobiol Aging 23: 921-939. 
Michel CL, Chastel O, Bonnet X. 2011. Ambient temperature and pregnancy influence cortisol 
levels in female guinea pigs and entail long-term effects on the stress response of their 
offspring. Gen Comp Endocrinol 171: 275-282. 
Millar JS. 1978. Energetics of reproduction in Peromyscus leucopus: the cost of lactation. 
Ecology 59: 1055-1061. 
Milton K. 1984. The role of food-processing factors in primate food choice. In: Rodman PS, 
Kant JGH, editors. Adaptation for foraging in non-human primates. New York: Columbia 
University Press. Pp 249-279. 
Monello RJ, Millspaugh JJ, Woods RJ, Gompper ME. 2010. The influence of parasites on faecal 
glucocorticoid metabolite levels in raccoons: an experimental assessment in a natural 
setting. J Zool 282: 100-108. 
Morgan DJ, Guimaraes LH,  Machado PRL, D’Oliveira Jr. A, Almeida RP, Lago EL, Faria DR, 
Tafuri WL, Dutra WO, Carvalho EM. 2007. Cutaneous leishmaniasis during pregnancy: 
exuberant lesions and potential fetal complications. Clin Infect Dis 45: 478-482. 
Möstl E, Maggs JL, Schrotter G, Besenfelder U, Palme R. 2002. Measurement of cortisol 
metabolites in faeces of ruminants. Vet Res Commun 26: 127-139. 
Mpairwe H, Tweyongyere R, Elliott A. 2014. Pregnancy and helminth infections. Parasite 
Immunol 36: 328-337. 
Muehlenbein MP. 2006. Intestinal parasite infections and fecal steroid levels in wild 
chimpanzees. Am J Phys Anthropol 130: 546-550. 
Muehlenbein MP, Bribiescas RG. 2006. Testosterone-mediated immune functions and male life 
histories. Am J Hum Biol 17: 527-558. 
Muller-Graf CDM, Collins DA, Packer C, Woolhouse MEJ. 1997. Schistosoma mansoni 
infection in a natural population of olive baboon (Papio cynocephalus anubis) in Gombe 
Stream National Park, Tanzania. Parasitology 115: 621-627. 
Murray CM, Lonsdorf EV, Eberly LE, Pusey AE. 2009. Reproductive energetics in free-living 
female chimpanzees (Pan troglodytes schweinfurthii). Behav Ecol 20: 1211-1216. 
Nepomnaschy PA, Welch KB, McConnell DS, Low BS, Strassmann BI, England BG. 2006. 
Cortisol levels and very early pregnancy loss in humans. Proc Nat Acad Sci 103: 3938-
3942. 
NCR. 2003. Nutrient requirements of non-human primates. 2
nd
 edition. Washington: National 
Academies Press. 
Nunn CL, Altizer S. 2006. Infectious diseases in primates: behavior, ecology and evolution. UK: 
Oxford University Press. 
Palme R, Touma C, Arias N, Dominchin MF, Lepschy M. 2013. Steroid extraction: get the best 
out of faecal samples. Wiener Tierarztliche Monatsschrift 100: 238-246. 
Palme R, Rettenbacher S, Touma C, El-Bahr SM, Mostl E. 2005. Stress hormones in mammals 
and birds: comparative aspects regarding metabolism, excretion, and noninvasive 
measurement in fecal samples. Ann NY Acad Sci 1040: 162-171. 
Pastor-Nieto R. 2015. Health and welfare of howler monkeys in captivity. In: Kowalewski MM, 
Garber PA, Cortés-Ortiz L, Urbani B, Youlatos D, editors. Howler monkeys: behavior, 
ecology, and conservation. New York: Springer. Pp 313-355. 
Pedersen AB, Greives TJ. 2008. The interaction of parasites and resources cause crashes in a 
wild mouse population. J Anim Ecol 77: 370-377. 
143 
 
Pepe GJ, Johnson DK, Albrecht ED. 1982. The effects of estrogen on cortisol metabolism in 
female baboons. Steroids 39: 471-477. 
Plowright RK, Field HE, Smith C, Divljan A, Palmer C, Tabor G, Daszak P, Foley JE. 2008. 
Reproduction and nutritional stress are risk factors for Hendra virus infection in little red 
flying foxes (Pteropus scapulatus). Proc R Soc B 275: 861-869. 
Pride RE. 2005. High faecal glucocorticoid levels predict mortality in ring-tailed lemurs (Lemur 
catta). Biol Lett 1: 60-63. 
Rangel-Negrín A, Flores-Escobar E, Chavira R, Canales-Espinosa D, Dias DPA. 2014. 
Physiological and analytical validations of fecal steroid hormone measures in black 
howler monkeys. Primates 55: 459-465.  
Raouf SA, Smith LC, Bomberger Brown M, Wingfield JC, Brown CR. 2006. Glucocorticoid 
hormone levels increase with group size and parasite load in cliff swallows. Anim Behav 
71: 39-48. 
Righini N. 2014. Primate nutritional ecology: the role of food selection, energy intake, and 
nutrient balancing in Mexican black howler monkey (Alouatta pigra) foraging strategies. 
Doctoral Dissertation Thesis, Urbana, IL: University of Illinois. 
Roberts CW, Satoskar A, Alexander J. 1996. Sex steroids, pregnancy-associated hormones and 
immunity to parasitic infection. Parasitol Today 12: 382-388. 
Robinson DP, Klein SL. 2012. Pregnancy and pregnancy-associated hormones alter immune 
responses and disease pathogenesis. Horm Behav 62: 263-271. 
Sapolsky RM. 2002. Endocrinology of the stress response. In: Becker JB, Breedlove SM, Crews 
D, McCarthy MM, editors. Behavioral endocrinology. Cambridge: The MIT Press. Pp. 
409-450. 
Segerstrom SC, Miller GE. 2004. Psychological stress and the human system: a meta-analytic 
study of 30 years of inquiry. Psychol Bull 130: 601-630. 
Setchell JM, Bedjabaga I, Goossens B, Reed P, Wickings EJ, Knapp LA. 2007. Parasite 
prevalence, abundance, and diversity in a semi-free-ranging colony of Mandrillus sphinx. 
Int J Primatol 28: 1345-1362. 
Starling AP, Charpentier MJE, Fitzpatrick C, Scordato ES, Drea CM. 2010. Seasonality, 
sociality, and reproduction: long-term stressors of ring-tailed lemurs (Lemur catta). Horm 
Behav 57: 76-85. 
Stoner KE, González Di Pierro AM. 2006. Intestinal parasitic infections in Alouatta pigra in 
tropical rain forest in Lacandona, Chiapas, Mexico: implications for behavioral ecology 
and conservation. In: Estrada A, Garber PA, Pavelka MSM, Luecke L, editors. New 
perspectives in the study of Mesoamerican primates: distribution, ecology, behavior, and 
conservation. New York: Springer. Pp 215-240. 
Trejo-Macías G, Estrada A. 2012. Risk factors connected to gastrointestinal parasites in mantled 
Alouatta palliata mexicana and black howler monkeys Alouatta pigra living in 
continuous and in fragmented rainforests in Mexico. Current Zool 58:375-383. 
Trejo-Macías G, Estrada A, Mosqueda Cabrera MA. 2007. Survey of helminth parasites in 
populations of Alouatta palliata mexicana and A. pigra in continuous and in fragmented 
habitat in southern Mexico. Int J Primatol 28: 931-945. 
Van Belle S. 2015. Endocrinology of howler monkeys: review and directions for future research. 
In: Kowalewski MM, Garber PA, Cortéz-Ortiz L, Urbani B, Youlatos D, editors. Howler 
monkeys: adaptive radiation, systematic, and morphology. New York: Springer. Pp 203-
228. 
144 
 
Van Belle S, Estrada A, Ziegler TE, Strier KB. 2009. Sexual behavior across ovarian cycles in 
wild black howler monkeys (Alouatta pigra): male mate guarding and female mate 
choice. Am J Primatol 71: 153-164. 
Vitazkova SK, Wade SE. 2012. Free-ranging black howler monkeys, Alouatta pigra, in southern 
Belize are not parasitized by Controrchis biliophilus. Primates 53: 333-336. 
Vitazkova SK, Wade SE. 2007. Effects of ecology on the gastrointestinal parasites of Alouatta 
pigra. Int J Primatol 28: 1327-1343. 
Vleugels MPH, Brabin B, Eling WMC, Graaf R. 1989. Cortisol and Plasmodium falciparum 
infection in pregnant women in Kenya. Trans R Soc Trop Med Hyg 83: 173-177.  
Wade GN, Schneider JE. 1992. Metabolic fuels and reproduction in female mammals. Neursci 
Biobehav Rev 16: 235-272. 
Webster Marketon JI, Glaser R. 2008. Stress hormones and immune function. Cell Immunol 252: 
16-26. 
Weingrill T, Gray DA, Barret L, Henzi SP. 2004. Fecal cortisol levels in free-ranging female 
chacma baboons: relationship to dominance, reproductive state and environmental 
factors. Horm Behav 45: 259-269. 
Wilson K, Bjørnstad ON, Dobson AP, Merler S, Poglayen G, Randolph SE, Read AF, Skorping 
A. 2002. Heterogeneities in macroparasite infections: patterns and processes. In: Hudson 
PJ, Rizzoli A, Grenfell BT, Heesterbeek H, Dobson AP, editors. The ecology of wildlife 
disease. Oxford: Oxford University Press. Pp 6-44. 
Winternitz JC, Yabsley MJ, Altizer SM. 2012. Parasite infection and host dynamics in a 
naturally fluctuating rodent population. Can J Zool 90: 1149-1160. 
Ximénez C, Morán P, Rojas L, Valadez A, Gómez A, Ramiro M, Cerritos R, González E, 
Hernández E, Oswaldo P. 2011. Novelties on amoebiasis: anegelected tropical disease. J 
Glob Infect Dis 3: 166-174. 
Ziegler TE, Scheffler G, Snowdon CT. 1995. The relationship of cortisol levels and social 
environment and reproductive functioning in female cotton-top tamarins, Saguinus 
oedipus. Horm Behav 29: 407-424. 
 
 
145 
 
Tables 
 
Table 4.1. Characteristics of forest fragments inhabited by adult female black howler monkeys (Alouatta pigra) in Escárcega, State of  
Campeche, Mexico 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
†Group size at the end of the study (February 2012); *Species of feeding-trees were chosen based on the top-15 most consumed species reported 
by Righini (2014). Feeding-tree species diversity was calculated using the Shannon diversity index. 
 
 
 
Group Group 
size† 
Number 
of adult 
females 
Fragment size 
(ha) 
Feeding-tree species 
diversity* 
Basal 
area 
(m
2
/ha) 
Tree 
density 
(tree/ha) 
Cattle 
presence 
Human 
presence 
         
FE 6 2 2.36 1.88 49.33 870.0 yes frequent 
PD 4 2 2.61 1.947 46.75 700.0 yes frequent 
CN 6 2 4.95 2.596 62.49 907.14 yes rare 
CH 10 3 9.0 1.737 55.88 663.16 yes frequent 
JK 6 2 2,137 2.311 88.23 980.0 no rare 
MN 13 2 2,137 2.382 64.53 700.0 no rare 
BS 8 2 2,137 2.476 67.72 911.43 no no 
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Table 4.2. Reproductive states of adult female black howler monkeys (Alouatta pigra) inhabiting 
fragments of tropical deciduous forest at Escárcega, State of Campeche, Mexico 
Group ID Non-pregnant Early pregnant Late pregnant Early lactating Late lactating 
FE Gab X     
 Tan X X X X X 
PD Borr     X 
 Patr X    X 
CN Cit X     
 Xoc X     
CH Pap X X X X X 
 Pand X X X X X 
 Pne X X X X X 
JK Coq X     
 Gor X X X X  
MN Pant  X X X X 
 Roj X X X X X 
BS Bol X X X X X 
 Neg X     
Names in bold indicate females that experienced at least four reproductive states over the course of the 
study. 
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Table 4.3. Results of the effects of reproductive condition on parasite prevalence in female black 
howler monkeys (Alouatta pigra) at Escárcega, State of Campeche, Mexico 
 Reproductive 
state 
Estimate Standard 
error 
z-value p-value 
Overall 
prevalence* 
Intercept 1.12 0.23 4.93 0.001 
 Early pregnant -0.65 0.41 -1.60 0.11 
 Late pregnant 0.19 0.46 0.41 0.68 
 Early lactating 0.98 0.79 1.24 0.22 
 Late lactating -0.16 0.43 -0.36 0.72 
      
T. minutus 
prevalence  
Intercept -2.85 0.49 -5.86 0.001 
 Early pregnant -0.50 0.93 -0.54 0.59 
 Late pregnant -0.04 0.82 -0.05 0.96 
 Early lactating 0.79 0.86 0.92 0.36 
 Late lactating 0.35 0.75 0.46 0.65 
      
C. biliophilus 
prevalence† 
Intercept 0.03 0.24 0.12 0.90 
 Early pregnant -0.66 0.43 -1.53 0.13 
 Late pregnant 0.02 0.42 0.05 0.96 
 Early lactating 1.33 0.64 2.06 0.04 
 Late lactating -0.31 0.41 -0.75 0.45 
      
Trematode I 
prevalence  
Intercept -0.72 0.23 -3.15 0.001 
 Early pregnant -0.46 0.45 -1.03 0.30 
 Late pregnant 0.44 0.41 1.08 0.28 
 Early lactating -0.25 0.59 -0.42 0.67 
 Late lactating 0.35 0.40 0.87 0.39 
*Refers to the prevalence of all parasite taxa analyzed in a single data set. 
† Prevalence of C. biliophilus was significantly affected by the female reproductive condition. Early 
lactating females significantly differed in C. biliophilus prevalence from non-pregnant females. Other 
reproductive conditions did not have significant effects on C. biliophilus prevalence. 
All reproductive states are compared with the “non-pregnant-non lactating” condition. 
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Table 4.4. Fecal glucocorticoid metabolite levels (fGC), parasite species richness, and parasite prevalence of female black howler 
monkeys (Alouatta pigra) across different reproductive states at Escárcega, State of Campeche, Mexico 
*Refers to the prevalence of all parasite taxa analyzed in a single data set. The prevalence (%) of each parasite taxon across different reproductive 
states is also shown. Trematode I refers to an unidentified trematode from the Dicrocoeliidae family. 
 
 
 
 Glucocorticoids   Gastrointestinal parasites     
 mean (SE)  
fGC 
median  
fGC 
mean (SE) species 
richness 
overall* 
prevalence 
(%) 
T. minutus 
(%) 
C. biliophilus 
(%) 
Trematode I 
(%) 
Entamoeba spp. 
(%) 
Non-pregnant 493.9 ± 66 335.4 1.08 ± 0.07 74.8 6.5 49.6 32.5 18.7 
Early pregnant 870 ± 136 684.2 0.82 ± 0.12 61.5 5.1 35.9 25.6 12.8 
Late pregnant 2063.6 ± 238 1770.5 1.18 ± 0.13 78.9 7.9 52.6 44.7 13.2 
Early lactating 2115.8 ± 440 2234.1 1.30 ± 0.17 88.9 16.7 77.8 27.8 5.6 
Late lactating 546.5 ± 99 386.4 1.10 ± 0.14 72.5 10.0 45.0 42.5 10.0 
149 
 
Table 4.5. Results of the effects of reproductive condition on parasite species richness in female 
black howler monkeys (Alouatta pigra) at Escárcega, State of Campeche, Mexico 
Reproductive 
state 
Estimate Standard 
error 
z-value p-value 
Intercept 0.078 0.08 0.90 0.36 
Early pregnant -0.27 0.19 -1.40 0.16 
Late pregnant 0.09 0.17 0.52 0.59 
 
Early lactating 0.16 0.22 0.73 0.46 
Late lactating 0.01 0.17 0.09 0.92 
 
All reproductive states are compared with the “non-pregnant-non lactating” condition. 
 
 
 
 
Table 4.6. Results of the effects of reproductive condition on fecal glucocorticoid levels in 
female black howler monkeys (Alouatta pigra) at Escárcega, State of Campeche, Mexico 
Reproductive 
state 
Estimate Standard 
error 
t-value p-value 
Intercept 5.67   0.17 33.60     0.001 
Early pregnant 0.52   0.24   2.20 0.02 
Late pregnant 1.53   0.24   6.43     0.001 
Early lactating 1.38   0.31   4.45     0.001 
Late lactating 0.14   0.24   0.601      0.55 
All reproductive states are compared with the “non-pregnant-non lactating” condition. 
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Table 4.7. Effects of reproduction on glucocorticoid levels in female nonhuman primates 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
fGCM: fecal glucocorticoid metabolites 
uCM: urinary cortisol metabolites 
fCM: fecal cortisol metabolites 
 
 
 
Common name Species Setting Trend References 
Ring-tailed lemurs Lemur catta Captivity fGCM higher in pregnant and lactating females than in 
non-pregnant lemurs 
Starling et al. 2010 
Squirrel monkeys Saimiri sciureus Captivity Circulating cortisol increased during the first 8 weeks 
postconception   
Coe et al. 1986 
Cotton-top tamarins Saguinus oedipus Captivity uCM increased in the second half of pregnancy and 
then dropped post-partum 
Ziegler et al. 1995 
Golden lion tamarins Leontopithecus 
rosalia 
Wild fCM higher in the third trimester of pregnancy 
compared to the first and second trimesters  
Bales et al. 2005 
White-faced capuchins Cebus capucinus Wild fCM higher in pregnant than in both lactating and non-
pregnant females 
Carnegie et al. 2011 
Black howler monkeys Alouatta pigra Wild fGCM higher in pregnant and early lactating females 
than in non-pregnant howlers 
This study 
Blue monkeys Cercopithecus mitis Wild fGCM higher in the second half of pregnancy and first 
six months of lactation 
Foerster et al. 2012 
Japanese macaques Macaca fuscata Captivity fCM higher in pregnant than lactating females  Bardi et al. 2003 
Chacma baboons Papio hamadryas 
ursinus 
Wild fCM higher in pregnant and lactating females than in 
cycling baboons 
Weingrill et al. 2004 
Yellow baboons P. cynocephalus Wild fGCM increased in the second and third trimesters of 
pregnancy; values dropped after 2 weeks post-partum 
Beehner et al. 2006 
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Figures 
 
 
 
 
Figure 4.1. Monthly rainfall and distribution of births in black howler monkeys (Alouatta pigra) at 
Escárcega, State of Campeche, Mexico. 
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Figure 4.2. Prevalence of intestinal parasites across different reproductive states in female black howler 
monkeys (Alouatta pigra) at Escárcega, State of Campeche, Mexico. The figure shows parasite 
prevalence in each individual female. The reproductive condition of females did not have significant 
effects on parasite prevalence. 
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Figure 4.3. Parasite species richness across different reproductive states in female black howler monkeys 
(Alouatta pigra) at Escárcega, State of Campeche, Mexico. The mean number of parasite taxa infecting 
each individual female is shown. The reproductive condition of females did not have significant effects on 
parasite species richness. 
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Figure 4.4. Mean (SE) fecal glucocorticoid metabolite levels (ng/g) of female black howler monkeys 
(Alouatta pigra) in different reproductive conditions at Escárcega, State of Campeche Mexico. Fecal 
glucocorticoid metabolites increased over the course of pregnancy, reaching a peak in the second 
trimester of pregnancy and in the first month of lactation. After the first month of lactation, glucocorticoid 
metabolites abruptly decreased. 
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Figure 4.5. Relationship between fecal glucocorticoid metabolite levels (ng/g) and parasite taxa hosted by 
female black howler monkeys (Alouatta pigra) at Escárcega, State of Campeche, Mexico. The number of 
parasite taxa did not increase with an increase in fecal glucocorticoid metabolite levels. Boxplots 
represent median values, quartiles, and minimum and maximum values. 
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Figure 4.6. Effects of fecal glucocorticoid metabolite levels (ng/g) on the probability of Controrchis 
biliophilus infection in female black howler monkeys (Alouatta pigra) at Escárcega, State of Campeche, 
Mexico. The proportion of samples infected with C. biliophilus is higher than non-infected samples in 
females showing increased fecal glucocorticoid metabolite levels. Boxplots represent median values, 
quartiles, and minimum and maximum values. 
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Figure 4.7. Individual profiles of fecal glucocorticoid metabolite levels (ng/g) across different 
reproductive states in female black howler monkeys (Alouatta pigra) at Escárcega, State of Campeche, 
Mexico. Fecal glucocorticoid metabolites increased during pregnancy and returned to pre-pregnant levels 
in late lactation. Log-transformed fecal glucocorticoid metabolite levels are shown. 
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CHAPTER 5 
CONCLUSIONS: RETHINKING THE EFFECTS OF HABITAT FRAGMENTATION 
ON THE HEALTH OF HOWLER MONKEYS 
 
This dissertation examined the impact of anthropogenic forest disturbance on the health of black 
howler monkeys (Alouatta pigra) that were members of seven social groups (15 adult males, 15 
adult females, and 14 immatures). To accomplish this, I used a multifactorial model that 
integrated information on parasitic infection patterns, stress hormones, host characteristics, and 
ecological conditions, from a population of endangered black howler monkeys living in forest 
fragments that vary in their degree of anthropogenic disturbance. I found that overall, 
anthropogenic forest disturbance had minimal negative effects on the health of these primates 
compared to black howlers living in more continuous and less disturbed habitats. This supports 
the contention that howler monkeys are able to persist in disturbed habitats such as logged forest 
fragments located in close proximity to human settlements, without negative consequences for 
their health (e.g., increased parasite prevalence and species richness, increased physiological 
stress) and fitness (e.g., decreased group size and birth rate). This dissertation moves beyond the 
traditional perspective that fragmented habitats are uniformly detrimental to howler monkey 
health and survivorship to a model of howler monkey adaptability in which howlers are able to 
successfully survive and reproduce due to a species-specific adaptive pattern in behavior (e.g., a 
similar activity budget across howler populations), demography (e.g., social groups characterized 
by small size and minimal changes in composition), and physiology (e.g., low stress levels). 
Overall, this perspective represents a critical step in assessing ecosystem health and disease risks 
faced by black howler monkeys and other primates living in disturbed environments. 
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The effects of anthropogenic forest disturbance associated with fragmentation, selective 
logging, and increased human presence on patterns of intestinal parasitic infection have been 
evaluated in several studies of Old World primates (e.g., Cercopithecus ascanius, Procolobus 
rufomitratus, Cercocebus galeritus, Pan troglodytes, Gorilla gorilla, G. beringei, Gillespie et al. 
2005; Gillespie & Chapman 2006; Goldberg et al. 2008; Rwego et al. 2008; Mbora & Peek 2009; 
Gillespie et al. 2009; Zommers et al. 2013). In general, these studies show that forest disturbance 
alters primate-parasite dynamics, increasing parasite prevalence and parasite species richness, as 
well as the risk for parasite exchange. The specific mechanisms by which this process occurs 
remain unclear, but authors have speculated that contributing factors include: 1) a short-term 
increase in host density that favors the transmission of directly transmitted parasites; 2) 
nutritional stress associated with reduced food availability in degraded forests, that suppresses 
the host’s immune system; and 3) the introduction of novel parasites or a change in the frequency 
of particular parasites that colonize susceptible hosts. However, in the present dissertation I 
found that patterns of gastrointestinal parasite infection in black howler monkeys inhabiting 
anthropogenically disturbed fragments were not uniformely affected by these factors (Table 5.1). 
For example, changes in fragment size and shape, measures of canopy discontinuity, or changes 
in host density, did not have significant effects on parasite prevalence and parasite species 
richness in black howler monkeys. Only a general index of logging intensity (i.e., stump-to-tree 
ratio) negatively predicted parasite prevalence. In addition, unrelated to the degree of forest 
disturbance, black howlers had an extremely low rate of multiple infections per host (range: 0 - 
4, mean: 1.04 ± 0.9). These results are most likely related to a reduction in parasite abundance 
associated with forest degradation and edge effects, and possibly due to a limited exposure to 
parasite infective stages. Despite inhabiting a range of forest fragments that varied in ecological 
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disturbance (e.g., fragment size: 2.3 - 2100 ha, percentage of canopy cover: 79 - 95%; tree 
density: from 600 - 980 trees/ha), nearness to human settlements, and exposure to domesticated 
animals (from low to frequent presence), parasite prevalence and parasite species richness 
remained relatively similar across groups. This indicates that certain types of forest disturbance 
have limited influence on patterns of parasitism and health of this black howler population. 
Patterns of parasite prevalence, species richness and intensity also depend on host 
characteristics, including age, sex, and reproductive physiology (Hudson & Dobson 1995; 
Wilson et al. 2002). In this dissertation I found that intestinal parasite prevalence and species 
richness increased with howler monkey age. These measures of parasitic infection increased 
linearly from young juveniles (<6 months of age), to old juveniles (> 6 months), to adults (> 40 
months). Increased parasite infection in adults may be related to the fact that older individuals 
have been exposed to infective stages of different parasite species over prolonged periods of time 
compared to immature howlers. However, an alternative explanation is that howlers <6 months 
of age show lower parasite prevalence and lower parasite species richness due to protective 
immunity (e.g., enhanced immune system) acquired through nursing (Newburg & Walker 2007). 
Given that suckling frequency decreases as howler infants age (e.g., weaning at age 10 - 14 
months, Raguet-Schofield & Pavé 2015), the transfer of protective immunity contained in milk 
may also decrease gradually (Newburg & Walker 2007). This suggests that nursing may regulate 
resistance to parasitic infections in infants and young juvenile howlers. 
 Another significant finding in this research was that the reproductive condition of female 
black howlers did not affect their susceptibility to parasite infection. Previous studies in humans 
(Jamieson et al. 2006), chimpanzees (P.t. verus, De Nys et al. 2014), Sanje mangabeys 
(Cercocebus sanjei, McCabe 2012), and other animals (bats, wild and domesticated sheep, Festa-
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Bianchet 1989; Plowright et al. 2008; Beasley et al. 2010) have shown that maternal parasite 
infection rates increase during the last trimester of pregnancy and the first 2 - 5 weeks of 
lactation due to short-term inhibition in mother’s immune responses. However, parasite 
prevalence and parasite species richness in black howlers were similar in pregnant, lactating, and 
non-pregnant females. These data indicate that the susceptibility to intestinal infection is not 
significantly affected during different phases of female black howler reproduction, and suggest 
that intestinal parasitism has minimal effects on female reproductive success and infant 
survivorship in this population of black howler monkeys. 
I did find that the reproductive condition of female howlers resulted in endocrine changes 
affecting glucocorticoid hormone production. During the last three months of pregnancy (late 
pregnancy: 2063 ± 238 ng/g), and during the first month of lactation (early lactation: 2115.8 ± 
440), female howlers had significantly higher fecal glucocorticoid metabolite concentrations (3-
fold higher) compared to non-pregnant and late lactating females. Increased levels of fecal 
glucocorticoid metabolites during these reproductive periods are comparable to concentrations 
shown by black howler monkeys after being subject to an acute stress induced by handling and 
anesthesia (2019 ± 341 ng/g, range: 1400 - 2859 ng/g, Martínez-Mota et al. 2008). These data 
indicate that during pregnancy, the hypothalamic-pituitary-adrenal axis in black howlers is 
activated in a similar way as during an acute stress response. Given that stress-induced 
glucocorticoids can inhibit the production and actions of immune cells, and increase 
susceptibility to disease infection (Webster Marketon & Glaser 2008), I examined whether 
changes in glucocorticoid levels affect patterns of parasitism in female black howlers. However, 
these results indicate that female showing increased glucocorticoids during early pregnancy and 
early lactation did not exhibit higher rates of parasitic infections. These findings indicate that 
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even when glucocorticoids increased by several orders of magnitude during late gestation and the 
first month of lactation, this endocrine response did not have a measurable effect on female 
susceptibility to parasitic infection. 
In this dissertation I found that black howler monkeys at Escárcega, Mexico are host to 
seven parasite taxa, including Trypanoxyuris minutus (Oxyuridae), Parabronema sp. 
(Habronematidae), an unidentified strongyle nematode (Strongylidae), Controrchis biliophilus 
(Dicrocoeliidae), an unidentified trematode (Dicrocoeliidae), Entamoeba coli, and Entamoeba sp 
(Entamoebidae) (Appendix B). The community and the number of parasite taxa found in this 
howler population were similar to what has been reported in previous black howlers studies 
including short-term parasitological surveys conducted in tropical evergreen forests, tropical 
semi-evergreen forest, tropical deciduous forests, semi-evergreen riparian forests, and secondary 
riverine forests (Table 5.2). These habitats were characterized by different rainfall and 
temperature patterns, ranging from 820 to 3000 mm and from 22.0 to 32.0°C, and by different 
degrees of ecological disturbance, ranging from large conserved forested areas (300,000 ha) to 
small (<2 ha) anthropogenically disturbed fragments. Despite variability in ecological conditions, 
the diversity and composition of gastrointestinal parasites remained similar in this primate 
species (this dissertation= 7 parasite taxa; previous reports= 7.8 ± 4 parasite taxa, median: 6.5, 
n= 6 studies, Table 5.3). It is possible that black howler monkeys mantain a set of immune 
responses that render them susceptibe to a limited set of parasite species across a broad range of 
ecological conditions. 
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Why howler monkeys successfully exploit forest fragments? 
Howler monkeys are recognized for their ability to exploit different habitat types 
including tropical evergreen forests, tropical deciduous forests, riparian forests, mountain forest, 
mangroves, and secondary forest (Di Fiore et al. 2011). Moreover, howler monkeys also inhabit 
anthropogenically disturbed forest fragments ranging in size from < 1 ha to > 2000 ha. These 
fragments may be surrounded by monocultures and cattle ranches, and be situated in close 
proximity to human populations (A. pigra, this study, Pozo-Montuy et al. 2008; A. palliata, 
Arroyo-Rodríguez et al. 2008; A. seniculus, Rimbach et al. 2013; A. caraya, Oklander et al. 
2010; Estrada 2015). Overall, howler monkeys are resilient to habitat disturbance. This is related 
to the fact that they have evolved a set of anatomical features and consistent adaptive behaviors 
that enable to exploit successfully a wide range of ecological conditions, ranging from primary 
forests characterized by large trees, high plant diversity, and increased amount of fruit 
production, to secondary forest characterized by small-size trees, low diversity of primary-forest 
trees, low fruit productivity, and increased abundance of pioneer plant species (Arroyo-
Rodríguez & Mandujano 2006). For example, howler monkeys are able to extract nutrients and 
energy from difficult-to-digest food items (e.g., mature leaves) (Righini 2014), subsist on a leaf-
based diet over prolonged periods of time (Pavelka & Knopff 2004; Righini 2014), and have a 
gut microbial community for producing energy from structural carbohydrates (Amato et al. 
2014). These adaptive patterns allow howlers to obtain nutrients, survive, and reproduce under 
different ecological and disturbance conditions of habitat. 
Also, many aspects of black howler behavior, such as the activity budget, and 
socioecological traits (e.g., group size and composition) vary minimally across populations 
regardless of the habitat type and degree of forest disturbance. In this regard, the proportion of 
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time devoted to activities such as resting, feeding, and traveling remain relatively constant in 
forest fragments of <1 ha (resting: 70%; feeding: 16%, traveling: 6%, Martínez-Mota et al. 
2007), ~50 ha (resting: 62% ; feeding: 24%, traveling: 9.8%, Silver et al. 1998), ~1700 ha, 
(resting: ~70% ; feeding: ~15%, traveling: ~10%, Amato et al. 2013), and large tracts of forest of 
> 100,000 ha (resting: 65%, feeding: 22%, traveling: 10%, Rizzo 2004). Similarly, group size 
(GS), adult female to adult male ratio (F/M), and the immature to adult female ratio (IM/F) differ 
minimally across black howler populations inhabiting small forest fragments (<20 ha, GS: 5.9 ± 
3, F/M: 1.39 ± 0.7, IM/F: 1.48 ± 0.7, n= 18), large forest fragments (>2500 ha, GS: 6.6 ± 3, F/M: 
1.08 ± 0.9, IM/F: 1.04 ± 0.7, n= 8), and large protected forests (300,000 ha, GS: 5.5 ± 1, F/M: 
1.49 ± 0.8, IM/F: 0.65 ± 0.5, n= 13) (Van Belle & Estrada 2006). These data show that despite 
differences in ecological conditions in howler habitats, such as rainfall patterns (800 - 2900 mm), 
forested area (from <1 ha to >100,000 ha), vegetation types (e.g, evergreen forest, deciduous 
forest, mangroves), and degree of anthropogenic disturbance (logging, agriculture, presence of 
domesticated animals), black howlers maintain a restricted variation in behavior and 
socioecological traits which facilitate the utilization of both ecologically degraded forest 
fragments and minimally disturbed and continuous forests. 
Because habitat loss and forest fragmentation can result in drastic structural changes in 
howler habitats, including a reduction in patch size, local isolation, and a marked decrease in 
plant species diversity, which lead to increased population density, limited dispersal 
opportunities, and reductions in primate food availability (Arroyo-Rodríguez & Mandujano 
2006; Arroyo-Rodríguez & Dias 2010; Oklander et al. 2010), it has been assumed that the 
survivorship, health, fitness, and conservation of howler monkeys living in disturbed forest 
fragments are at risk. However, this dissertation revealed that patterns of parasitic infection, 
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glucocorticoid levels, and group size and composition did not differ among black howler 
monkeys living in both extremely small (2 - 9 ha) and large (>2000 ha) forest fragments at 
Escárcega, Mexico (Table 5.3, Figure 5.1). For example, howler group size, the female-to-male 
ratio, and the immature-to-female ratio were constant between small and large forest fragments 
(group size: 6.5 ± 1.2 vs 9.0 ± 3.6; F/M ratio: 1.25 ± 0.2 vs 0.83 ± 0.2, IMM/F: 1.5 ± 0.3 vs 2.0 ± 
1.2). Similarly, parasite prevalence and richness showed limited variation between small and 
large fragments (parasite prevalence: 67.4 ± 12% vs 68 ± 2%; parasite species richness: 0.99 ± 
0.14 vs 1.07 ± 0.04). These data indicate that although the ecological and disturbance conditions 
vary across fragments (e.g., fragment size: 2.3 - 2100 ha, perimeter-to-area ratio: 0.001 - 0.061; 
tree density: 600 - 980 trees/ha), several social and physiological traits of the black howler 
population at Escárcega, Mexico remain constant. These results fit the trend described by Young 
et al. (2013), who found based on meta-analysis of 72 primate taxa that parasite species richness, 
a measure of disease risk, did not differ between primates inhabiting disturbed and undisturbed 
habitats. This highlights the limited influence played by anthropogenic change on parasitic 
infections and health of primate species that are resilient to certain types of disturbance such as 
selective logging and forest fragmentation.   
Finally, in agreement with the results found in the present dissertation, other studies of 
mantled and red howlers also suggest that forest fragmentation does not necessarily have 
negative effects on howler population size, birth rates, and stress levels. For example, Cristóbal-
Azkarate et al. (2015) studied 10 groups of mantled howlers (A. palliata mexicana) inhabiting 
fragments ranging from 3.6 to 244 ha at Los Tuxtlas, Mexico. They found that over a period of 
10 years, the total number of adults and the number of births in the population remained stable 
(e.g., number of adults at start of sampling 2000= 57, end of sampling 2011= 65 individuals; 
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births/female/year= 0.42 ± 0.3; a total of 75 births). Rimbach et al. (2013) studied the effects of 
logging and hunting on the physiological stress response of 31 groups of red howlers (A. 
seniculus) inhabiting forest fragments. These authors reported that fecal glucocorticoid 
metabolites (i.e., stress index) did not differ among red howlers living in forest fragments of 
different size (from 4.2 to 500 ha) impacted by wood extraction and hunting, suggesting a 
limited effect of anthropogenic impact on howler physiology. These data, together with results 
from this dissertation, support the contention that howler monkeys are primates that are resilient 
to certain types of anthropogenic disturbance. However, the fact that several black howler 
habitats continue to be impacted by deforestation (e.g., selective logging) and forest 
fragmentation (e.g., habitat encroachment), and transformed into areas used for food production 
(e.g., agricultural fields and cattle ranches), has raised concerns about the conservation and long-
term sustainability of black howler populations living in highly anthropogenically altered 
landscapes (Estrada 2015). For example, due to the drastic reductions (e.g., from 25 to 90% 
forest loss) in A. pigra habitats across its narrow distribution, the International Union for 
Conservation of Nature (IUCN) considers this primate species as “Endangered” (IUCN 2014, 
Estrada 2015). Also the IUCN indicates that populations of black howler monkeys continue 
declining (IUCN 2014). Given the ability of these primates to exploit fragmented habitats, a 
viable conservation approach to help maintain black howler populations in the long term, could 
focus on increasing the size and connectivity of forest fragments, and implementing habitat 
ecological restoration. 
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Tables 
 
Table 5.1. Effects of habitat disturbance, seasonality, and host traits on patterns of 
gastrointestinal parasite infection in Alouatta pigra at Escárcega, State of Campeche, Mexico 
Predictor Mechanism Effect 
habitat disturbance ↑ logging ↓ parasite prevalence 
 ↓ canopy cover none 
 ↓ fragment size none 
  ↑ irregularity of fragment 
shape 
none 
 ↑ increased host density none 
 ↓ tree biomass none 
seasonality ↑ rainfall ↓helminth prevalence  
↑protozoan prevalence 
 ↓ seasonal energy intake none 
host traits ↑ howler age ↑ helminth prevalence  
↑ parasite richness  
 female reproductive 
condition 
none 
 ↑ glucocorticoids  
(i.e., stress) 
none 
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Table 5.2. Gastrointestinal parasites infecting Alouatta pigra at Escárcega, Campeche, Mexico and at sites across its distribution 
Parasite 
type 
Taxa Site Forest type Prevalence (%) annual 
rainfall (mm) 
mean annual 
T° Celsius 
Reference 
Helminth Trypanoxyuris 
minutus 
Palenque National Park, Mexico evergreen tropical forest 29, 17.2, 15.9 2200 26.0 1, 2, 3 
  Calakmul Biosphere Reserve, Mexico tropical deciduous forest 25-50 820 25.0 1 
  Reforma Agraria, Mexico tropical rain forest 5.88 3000 22.0 2 
  Escárcega, Campeche, Mexico tropical deciduous forest 2.56, 14.3 1380 26.5 2; This study 
  Macuspana, Mexico semi-evergreen forest 85.7 2399 26.8 4 
  Cockscomb Basin Wildlife Sanctuary, Belize secondary riverine forest 67 2700 25-28.0 1 
  Lamanai Archeological Reserve, Belize* semi-evergreen seasonal forest 3.6 1200 27.0 5 
  Montes Azules Biosphere Reserve, Mexico** tropical rain forest 2 3000 22.0 6 
  Tikal National Park, Guatemala* tropical semideciduous forest 43 1762 25.0 7 
 Parabronema sp Palenque National Park, Mexico evergreen tropical forest 1.8 2200 26.0 3 
  Escárcega, Mexico tropical deciduous forest 0.4 1380 26.5 This study 
 Strongylid† Montes Azules Biosphere Reserve, Mexico tropical rain forest 14.3 3000 22.0 2, 6 
  Lamanai Archeological Reserve, Belize semi-evergreen seasonal forest NA 1200 27.0 5 
  Escárcega, Mexico tropical deciduous forest 1.2 1380 26.5 This study 
  Tikal National Park, Guatemala tropical semideciduous forest 100 1762 25.0 7 
  Monkey River, Belize semi-evergreen riparian forest 55.5 2300 26.0 8 
 Controrchis 
biliophilus 
Palenque National Park, Mexico evergreen tropical forest 29.9 2200 26.0 3 
  Calakmul Biosphere Reserve, Mexico tropical deciduous forest 75-100, 3.5 820 25.0 1, 2 
  Reforma Agraria,  Mexico tropical rain forest 5.88 3000 22.0 2 
  Montes Azules Biosphere Reserve, Mexico tropical rain forest 17.4, 6 3000 22.0 2, 6 
  Escárcega, Mexico tropical deciduous forest 2.56, 44.6 1380 26.5 2; This study 
  Cockscomb Basin Wildlife Sanctuary, Belize secondary riverine forest 40-100 2700 25-28.0 1 
  Community Baboon Sanctuary, Belize secondary riverine forest 75-100 1995 20-32.0 1 
  Monkey River, Belize semi-evergreen riparian forest 89 2300 26.0 8, 9 
  Lamanai Archeological Reserve, Belize*** semi-evergreen seasonal forest 80.8 1200 27.0 5 
  Tikal National Park, Guatemala*** tropical semideciduous forest 93 1762 25.0 7 
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Table 5.2. continued……. 
 
Parasite 
type 
Taxa Site Forest type Prevalence 
(%) 
annual rainfall 
(mm) 
mean annual 
T° Celsius 
Reference 
Helminth Trematode I Montes Azules Biosphere Reserve, 
Mexico 
tropical rain forest 16.6 3000 22 2 
  Escárcega, Mexico tropical deciduous forest 29.2 1380 26.5 This study 
        
Protozoan Entamoeba coli Palenque National Park, Mexico evergreen tropical forest 2.9 2200 26 3 
  Montes Azules Biosphere Reserve, 
Mexico 
tropical rain forest 38 3000 22 6 
  Escárcega, Mexico tropical deciduous forest 9.7 1380 26.5 This study 
 Entamoeba sp. Palenque National Park, Mexico evergreen tropical forest 2.4 2200 26 3 
  Montes Azules Biosphere Reserve, 
Mexico 
tropical rain forest 42 3000 22 6 
  Escárcega, Mexico tropical deciduous forest 3.1 1380 26.5 This study 
  Lamanai Archeological Reserve, Belize semi-evergreen seasonal 
forest 
12.1 1200 27 5 
1) Vitazkova & Wade 2007; 2) Trejo-Macías et al. 2007; 3) Trejo-Macías & Estrada 2012; 4) González-Hernández et al. 2014; 5) Eckert et al. 
2006; 6) Stoner & González Di Pierro 2006; 7) Balsells Hernández 2012; 8) Behie et al. 2014; 9) Kowalzik et al. 2010.  
*Parasite reported as oxyurid but most likely Trypanoxyuris sp.  
**Parasite reported as Enterobius sp. but most likely Trypanoxyuris sp., since Enterobius only occurs in catarrhines (Hugot 1999). 
***Parasites reported as trematode but most likely Controrchis biliophilus. 
†Parasites of the Strongylidae family 
NA: non-available data 
Numbers in bold were obtained in the present research 
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Table 5.3. Demography, parasitism, and stress hormones of black howler monkeys living in forest fragments that differ in disturbance 
at Escárcega, State of Campeche, Mexico 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
P/A: perimeter to area ratio 
F/M: adult female to adult male ratio 
IMM/F: immature (juvenile + infants) to adult female ratio 
fGC: fecal glucocorticoid metabolites 
 
  Ecological disturbance   Demographic traits   Physiological traits 
Group Fragment 
size (ha) 
P/A 
ratio 
Canopy 
cover 
(%) 
Tree 
density 
(tree/ha) 
Stump/Tree 
ratio 
 Group 
size 
F/M 
ratio 
IMM/F 
ratio 
 Parasite 
prevalence 
(%) 
Mean (SD) 
parasite 
richness 
   Median fGC (ng/g)  
    males         females  
FE 2.36 0.061 79.50 870.0 0.015  6 1 1  79.2 1.13 (0.8) 491.0 638.5 
PD 2.61 0.057 84.11 700.0 0.116  4 1 1  54.9 0.92 (1.0) 564.0 219.0 
CN 4.95 0.022 93.44 907.14 0.083  6 1 1  59.2 0.83 (0.8) 275.0 247.4 
CH 9.0 0.021 83.26 663.16 0.093  10 1.5 1.6  76.4 1.10 (0.8) 312.0 549.0 
JK 2,137 0.001 94.42 980.0 0.019  6 1 1  70.2 1.12 (1.0) 635.0 372.5 
MN 2,137 0.001 95.45 700.0 0.012  13 0.5 3.5  69.0 1.03 (0.9) 865.0 756.8 
BS 2,137 0.001 92.76 911.43 0.008  8 1 2  64.8 1.07 (1.0) 416.5 464.0 
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Figures 
 
 
 
 
 
 
 
 
Figure 5.1. Ecological, demographic, and physiological factors that influenced patterns of gastrointestinal 
parasitic infection in black howler monkeys at Escárcega, State of Campeche, Mexico. The most 
influential factors increasing parasite prevalence and species richness were howler age and monthly 
precipitation. Parasite prevalence and species richness increased with howler age. Seasonal rainfall had 
mixed effects depending on parasite type: while protozoan prevalence increased with rainfall, helminth 
prevalence decreased.  Forest disturbance quantified through fragment size (ranging from 2 - 9 ha to 2100 
ha), perimeter-to-area ratio (ranging from 0.001 to 0.061), logging rates (stump-tree ratio ranging from 
0.008 to 0.11), tree density (ranging from 600 to 1000 trees/ha), canopy cover (ranging from 70% to 
95%), and howler density (ranging from 12 to 300 ind/km
2
) had minimal effects on patterns of parasitic 
infection. Similarly, howler group size (ranging from 4 to 13 individuals), female reproductive condition 
(non-pregnant, pregnant, and lactating females), and stress levels (measured through glucocorticoid 
hormones ranging from 400 to 2100 ng/g) did not affect parasite prevalence and parasite species richness. 
 
Least influential factors
Forest disturbance
Host density
Group size
Reproductive condition
Stress levels 
Most influential factors
Howler monkey age
Seasonal rainfall
Parasite prevalence
Parasite species richness
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APPENDIX A 
COMPARISON OF GASTROINTESTINAL PARASITES BETWEEN NEW WORLD 
AND OLD WORLD PRIMATES 
 
The diversity of parasitic infections is considered an important measure of disease risk (Nunn & 
Altizer 2006). Overall, it appears that the number of intestinal parasites infecting New World 
monkeys is relatively lower compared to Old World primates (Table A.1). Table A.1 shows that 
the average number of gastrointestinal parasites reported infecting free-ranging individuals of 21 
different New World monkey species, represented by the genera Alouatta, Ateles, Brachyteles, 
Lagothrix, Cebus, Saimiri, Saguinus, Leontopithecus, Cacajao, Callicebus, and Aotus, is 4.5 ± 
1.9. Despite that New World monkeys differ in their diets (e.g., insect-based diet, folivores-
frugivore diet), habitat use (e.g., use of vertical strata, combination of terrestrial-arboreal 
substrate, canopy dwellers), and group size (e.g., living in small vs large groups), all of which are 
factors that may expose individuals to a different array of intestinal parasite types (Poulin & 
Morand 2000; Nunn & Altizer 2006), these primates host a low diversity of gastrointestinal 
parasites (Table A.1). 
In contrast, the number of parasite taxa reported in studies of prosimians, Old World 
monkeys, and apes is significantly larger than that reported in New World monkeys (Likelihood 
ratio test: χ2= 49, df= 3, p<0.001). For example, in six prosimian species, including Microcebus 
murinus, Cheirogaleus medius, Eulemur fulvus rufus, Lemur catta, Indri indri, and Propithecus 
edwardsi, the reported number of parasite taxa averaged 7.2 ± 2.9 (Table A.1). Similarly, in 21 
species of Old World monkeys belonging to the genera Cercopithecus, Piliocolobus, Colobus, 
Procolobus, Cercocebus, Erythrocebus, Mandrillus, Papio, Macaca, and Presbytis, the average 
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number of intestinal parasite taxa was 9.7 ± 4.4 (Table A.1). The average number of parasite taxa 
reported in 10 studies of apes (genera Hylobates, Pongo, Pan, and Gorilla) was 10.0 ± 2.3.  Apes 
host a similar number of parasite taxa compared to Old World monkeys (Table A.1). Old World 
primates belonging to different taxonomic groups also differ in their ecology (e.g., diet, habitat 
use), social structure (e.g., different group size), and life history (e.g., longevity, interbirth 
intervals). Nevertheless, the number of intestinal parasite taxa is relatively constant across Old 
World primate taxonomic groups. 
These data suggest that New World monkeys are less susceptible to host multiple 
intestinal parasitic infections. Differences in susceptibility to intestinal parasitism between New 
World and Old World primates may be partially explained by differences in physiological and 
socioecological factors. For example, based on phylogenetic analyses of 99 non-human primate 
taxa, Nunn (2002) found that New World monkeys have higher neutrophil counts (i.e., immune 
cells that act against pathogen invasion) than Old World monkeys. Also, in a separate meta-
analysis that included 33 primate taxa (New World and Old World primates included), Semple et 
al. (2002) found that annual rainfall in each taxon’s habitat positively correlated with white 
blood cell counts. Since humidity can favor the viability, survival, and diversity of parasites, 
these authors speculate that primates inhabiting wetter habitats (e.g., tropical forests) need to be 
equipped with better immune defenses to cope with a wide array of parasites that thrive in 
tropical ecosystems. In another study, also using phylogenetic analyses and a large database of 
101 primate taxa, Nunn et al. (2003) found that parasite species richness (a measure of parasite 
diversity) increased with host population density. According to these general trends, it appears 
that a combination of factors, including an enhanced immune system, and ecological and social 
conditions, may be operating to reduce the number of intestinal parasites infecting neotropical 
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primates. For example, the fact that New World monkeys tend to live in smaller groups 
compared to Old World monkeys (see Chapman & Chapman 2000; Estrada & Garber 2009), 
may limit the transmission rate, spread, and persistence of directly-transmitted parasites (Altizer 
et al. 2003). Moreover, many New World monkeys also inhabit tropical forests characterized by 
high annual rainfall patterns. Therefore, according to Semple et al.’s (2002) findings, neotropical 
primates inhabiting wetter forests should have efficient immune responses helping reduce 
multiple intestinal parasite infections. These data suggest that, rather than single factors affecting 
parasitic infection, it is the combination of mechanisms operating in New World primates that 
can help them maintain reduced intestinal parasitic infections. 
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Table A.1. Number of intestinal parasite taxa hosted by different species of free ranging primates 
 
 Species Number of 
parasite species  
Site Reference 
Prosimians Microcebus murinus 8 Tolagnaro, Madagascar Raharivololona & 
Ganzhorn 2010 
 Cheirogaleus medius 8 Tolagnaro, Madagascar Raharivololona 2006 
 Eulemur fulvus rufus 10 Kirindy Forest, Madagascar Clough et al. 2010 
 Lemur catta 9 Beza Mahafaly Reserve, Madagascar Loudon & Sauther 2013 
 Indri indri 2 Analamazaotra Forest, Madagascar Junge et al. 2011 
 Propithecus edwardsi 6 Ranomafana National Park, 
Madagascar 
Wright et al. 2009 
 Average (SD) 7.2 ± 2.9   
 range 2 - 10   
 CV(%) 39.9   
New World 
monkeys 
Alouatta caraya 6 Corrientes, Argentina Santa-Cruz et al. 2000 
 A. seniculus 5 Tambopata National Reserve, Peru Phillips et al. 2004 
 A. palliata 5 La Pacifica, Costa Rica Stuart et al. 1990 
 A. pigra 7 Escárcega, Mexico This study 
 Ateles belzebuth chamek 5 Manu National Park, Peru Carrasco et al. 2008 
 A. geoffroyi 3 Santa Rosa National Park, Costa Rica Maldonado-López et al. 
2014 
 Brachyteles arachnoides 4 Antlantic Forest, Brazil Stuart et al. 1993 
 Lagothrix lagothricha 3 Iquitos, Peru Michaud et al. 2003 
 Cebus capucinus 7 Santa Rosa National Park, Costa Rica Parr et al. 2013 
 C. albifrons 3 Tambopata National Reserve, Peru Phillips et al. 2004 
 C. apella 5 Tambopata National Reserve, Peru Phillips et al. 2004 
 Saimiri sciureus 4 Tambopata National Reserve, Peru Phillips et al. 2004 
 S. boliviensis 5 Iquitos, Peru Michaud et al. 2003 
 Saguinus mistax 7 Estación Quebrada Blanco, Peru Wenz et al. 2010 
 S. fuscicollis 7 Estación Quebrada Blanco, Peru Wenz et al. 2010 
 S. labiatus 4 Iquitos, Peru Michaud et al. 2003 
 Leontopithecus rosalia 6 Poço Das Antas, Brazil Monteiro et al. 2003 
 Cacajao calvus 1 Iquitos, Peru Michaud et al. 2003 
 Callicebus brunneus 1 Tambopata National Reserve, Peru Phillips et al. 2004 
 Aotus nancymae 5 Iquitos, Peru Michaud et al. 2003 
 A. vociferans 2 Iquitos, Peru Michaud et al. 2003 
 Average (SD) 4.5 ± 1.9   
 range 1 - 7   
 CV(%) 41.1   
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Table A.1. continued……………… 
 
 Species Number of 
parasite species 
Site Reference 
Old World 
monkeys 
Cercopithecus ascanius 7 Kibale National Park, Uganda Gillespie et al. 2004 
 C. mitis 5 Kibale National Park, Uganda Gillespie et al. 2004 
 C. lhoesti 3 Kibale National Park, Uganda Gillespie et al. 2004 
 C. aethiops 5 Kibale National Park, Uganda Gillespie et al. 2004 
 Piliocolobus tephrosceles 12 Kibale National Park, Uganda Gillespie et al. 2005 
 Procolobus rufomitratus 11 Kibale National Park, Uganda Gillespie & Chapman 2008 
 Colobus guereza 10 Kibale National Park, Uganda Gillespie et al. 2005 
 C. angolensis 5 Kibale National Park, Uganda Gillespie et al. 2005 
 C. vellerosus 11 Boabeng-Fiema Monkey 
Sanctuary, Ghana 
Teichroeb et al. 2009 
 Cercocebus galeritus 21 Tana River, Kenya Mbora & McPeek 2009 
 C. sanjei 13 Udzungwa Mountains, Tanzania McCabe 2012 
 Erythrocebus patas 7 Parc National du Niokolo-Koba, 
Senegal 
McGrew et al. 1989 
 Mandrillus sphinx 7 CIRMF, Franceville, Gabon Setchell et al. 2007 
 Papio papio 12 Fongoli, Senegal Howells et al. 2011 
 P. anubis 9 Gashaka Gumti National Park, 
Nigeria 
Weyher et al. 2006 
 P. anubis 11 Kibale National Park, Uganda Bezjian et al. 2008 
 P. ursinus 15 Mkuzi Game Reserve, Zululand, 
South Africa 
Appleton et al. 1991 
 P. ursinus 11 Tsaobis Leopard Park, Namibia Benavides et al. 2012 
 Macaca fascicularis 6 Kosumpee Forest Park, Thailand Wenz-Mucke et al. 2013 
 M. fascicularis 18 Bali, Indonesia Lane et al. 2011 
 M. fuscata 6 Yakushima, Japan Gotoh 2000 
 M. tonkeana 6 Sulawesi, Indonesia Gotoh et al. 2001 
 Presbitys cristatus 8 Kalimantan, Borneo Palmieri et al. 1980 
 P. rubicunda 13 Sabangau Peat-Swamp Forest, 
Kalimantan, Borneo 
Hilser 2011 
 Average (SD) 9.7 ± 4.4   
 range 3 - 21   
 CV(%) 45.3   
Apes Hylobates lar 10 Khao Yai National Park, 
Thailand 
Gillespie et al. 2013 
 H. albibarbis 12 Sabangau Peat-Swamp Forest, 
Kalimantan, Borneo 
Hilser 2011 
 Pongo pygmaeus 11 Sabangau Peat-Swamp Forest, 
Kalimantan, Borneo 
Hilser 2011 
 P. abelii 10 Gunung Leuser National Park, 
Sumatra 
Mul et al. 2007 
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Table A.1. continued……………… 
 
 Species Number of 
parasite species 
Site Reference 
Apes Pan troglodytes verus 12 Fongoli, Senegal Howells et al. 2011 
 P. t. schweinfurthii 8 Ugalla, Tanzania Kalousová et al. 2014 
 P. t. schweinfurthii 13 Kibale National Park, Uganda Krief et al. 2005 
 P. paniscus 10 Lomako Forest, Democratic 
Republic of Congo 
Dupain et al. 2009 
 Gorilla gorilla gorilla 9 Dzanga-Ndoki National Park, 
Central African Republic 
Lilly et al. 2002 
 G. beringei 5 Bwindi Impenetrable National 
Park, Uganda 
Rothman et al. 2008 
 Average (SD) 10.0 ± 2.3   
 range 5 - 13   
 CV(%) 23.1   
CV: coefficient of variation; SD: standard deviation 
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APPENDIX B  
PARASITE EGGS AND CYSTS HOSTED BY BLACK HOWLER MONKEYS 
(ALOUATTA PIGRA) AT ESCARCEGA, STATE OF CAMPECHE, MEXICO 
 
 
 
a) Trypanoxyuris minutus (46.5 × 24.8 μm), b) unidentified nematode (Strongylidae) (53.9 × 34.1 μm), c) 
Parabronema sp. (68.5 × 24.8 μm), d) Controrchis biliophilus (42.8 × 24.0 μm), e) unidentified 
trematode (Dicrocoeliidae) (40.1 × 21.1 μm), f) Entamoeba coli (17.0 × 16.5 μm), g) Entamoeba sp. (16.0 
× 15.0 μm). 
g) 
f) e) d) 
 
 e) 
c) b) a) 
